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Projectile charge dependence of electron emission from foils
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We have precisely measured the secondary-electron-emission yield~g! from thin Al, Ag, and Au foils with
a thickness of 1mm on exposure to fully stripped 6 MeV/n heavy ions~H, He, C, N, O, Ne, Si, and Ar!. The
dependence of the forward and backward yields on the projectile nuclear charge~z! showed a proportionality
to the square of the effective charge (zeff

2 ) and an oscillatory behavior with atomic numberz; the yields were
comparatively low for exposures to He21 and Ne101 beams. The forward enhancement was significant for Al
foil ~light metal!, depending onz; in contrast, it was small for Ag and Au foils~heavy metals!. The accuracy
of the g values was evaluated by determination ofzeff ~65%! and the surface reproducibility of the foil
~62–3 %!.

PACS number~s!: 34.50.Bw, 34.50.Dy, 79.20.2m
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I. INTRODUCTION

Sternglass@1# and several other authors@2–5# have shown
theoretically that the ion-induced secondary-electron~SE!
yield from thin foils, the well-known kinetic emission, i
proportional to the stopping power in some atomic layers
the surface, and is a useful probe for studying the stopp
power. In particular, the dependence on the effective cha
of the projectiles (zeff) of the SE yields from foils and thei
direction are of great interest from the viewpoints of atom
physics and radiobiology. For atomic numbers~z! ranging
from proton to argon at several MeV/n ~the Bragg-peak re-
gion!, the stopping power is highly important from the view
point of heavy-ion therapy, and relevant SE data are gre
needed as useful information. There are, however, only a
data@6,7# in this energy region, which was the primary m
tivation for this work.

We have tried to measure precisely thez dependence o
the SE yields from Al foil using fully stripped and fixed
velocity (6 MeV/n) heavy-ion beams~H1, He21, C61, N71,
O81, Ne101, Si141, and Ar181! from the NIRS-HIMAC In-
jector Linac @8#. After passing through a carbon stripp
~thickness of 100mg/cm2! and two bending~20 deg and 70
deg! magnets, the magnetically analyzed beams were
lected and transported to an experimental cave with a
mentum spread of60.25%@9#. An energy of 6 MeV/n cor-
responds to a projectile velocity of 15.1 a.u. (b50.11),
which is considered to be high enough to have no influe
on the SE yields due to molecular processes or binding
fects@10#. The charge effects on the SE yields can theref
be investigated in detail under the constant-velocity con
tion; this was the second motivation for our work.

Much effort was made to simplify and improve the app
ratus in order to reduce the error in measurements dow
the order of62–3 %. The ratio between the forward an
backward yields is related to the combined influence of
projectile and target Coulomb fields~the well-known two-
center effects!; a fast~high-energy! electron experiences tw
separated Coulomb forces, suggesting a large forward
1050-2947/2000/61~5!/052901~6!/$15.00 61 0529
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yield for the case of high-z projectiles. This ratio can thus b
useful information not only to study the production ofd elec-
trons, but also to improve and develop radiobiological mo
els. In particular, good accuracy of the data is important
track-simulation studies, which have been actively carr
out worldwide; this was an additional motivation for ou
study. In our case, the dominant uncertainty seems to h
been due to the reproducibility of the surface condition of
foils ~62–3 %! and the accuracy in calculatingzeff ~65% at
maximum!, while the other errors were suppressed to bel
1% in most cases. The dependence of the SE yields on
target materials was also measured using Ne101 beams with
three kinds of targets~commercially obtained Al, Ag, Au
foils! with a thickness of 1mm were used. This paper repor
principally on the precisely measured data of SE yields fr
Al foil from the viewpoints of the charge dependence, a
the ratio between the forward (gF) and backward (gB)
yields.

II. EXPERIMENT

The main apparatus used to measure the SE yields is s
matically shown in Fig. 1. Three foils are used and the s
rounding vacuum is 531026 Torr; details of the apparatu
and its application to fast detectors have already been
sented in Ref.@11#. gF andgB are given by

gF5zeffQF /Qz ,
~1!

gB5zeffQB /Qz ,

whereQF andQB are the measured electron charges direc
ejected forward and backward from a foil, respectively, a
Qz is the heavy-ion charge into the Faraday cup; sin
Qz /zeff corresponds to the number of heavy ions, eachgF or
gB is the mean number of ejected electrons per ion.
measured these negative-charge~electron! signals from both
surfaces of the middle foil, which was biased at zero.
positive voltage~30 V! was directly supplied to both the
©2000 The American Physical Society01-1
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Y. SATO et al. PHYSICAL REVIEW A 61 052901
front and rear foils from an internal voltage source of tw
electrometers~Keithley 6517A!. In this case the charge sig
nal obtained from the rear foil corresponded to the forw
SE yield (QF), and that from the front foil to the backwar
SE yield (QB). In other words, the emission from both su
faces of the middle foil was measured in two hemispher
directions, where each front or rear foil acted as a dete
electrode. When passing through the first~front! foil, the
beams should have reached their equilibrium charge s
because 1mm ~300 mg/cm2! is thick enough to produce thi
condition; electron capture should have occurred only wit
the front foil. A correction of (z2zeff) was thus made for
gB , in such a way that the truegB was determined by addin
(z2zeff) to the measured value; this correction to the yie
reached 2.6% at maximum for Ar.

At the outer sides of the three foils, two collimators~30
mmF in diameter, and with a brim! were equipped to pro
duce an electric field similar to that in each foil gap~2 mm!,
and to prevent the escape of electrons~ejected from the foils!
from this gap region in order to precisely measureQF and
QB . These collimators~made of copper! are also effective to
stop any halo beams produced upstream of the beam lin
well as any stray electrons, resulting in a reduction of
error @11#. The size of the heavy-ion beam was always a
justed to around 5 mmF at a position of61 mm on the
fluorescent beam monitor just behind the foil~Fig. 1!.

There is another scheme for more precisely measuring
SE yields, which is to indirectly measure a positive-cha
signal from the middle foil when it is biased at a negati
voltage; both sides of the foils are biased at zero. In this c
the charge obtained (QT) is the same as the total SE yie
from both surfaces of the middle foil, and is expected to
almost equal to the sum ofQF and QB measured by the

FIG. 1. Schematic drawing of the experimental setup. Three
foils ~effectively 40 mm2 in area and 1mm in thickness! are used
with a gap of 2 mm. A permanent magnet~300 G! is placed at the
entrance of the Faraday cup. Electrons are ejected from both
faces of the middle foil, and are detected at both sides of the
by using electrometers~Keithley 6517 A!, which have an interna
voltage source.@A fluorescent beam monitor~AF995R, Demarkest!
is used to check the beam size.#
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previously mentioned scheme, though there is no inform
tion to distinguish the forward and backward yields. T
difference between (QF1QB) and QT was actually smaller
than 61% when the applied voltage was larger than 20
~plateau region!; in our configuration~Fig. 1! the area of
each detector foil~40 mm2! covered about 90% of the hem
sphere~2p! in terms of the solid angle to the center axis
emission, and was large enough to collect most of the eje
electrons; a 2 mm gapcorresponded to 10%. A typical ex
ample of a plateau curve for N71 is shown in Fig. 2. The
difference betweenQT and QF1QB becomes large in the
low-bias-voltage region; this is because the ejected elect
(QF1QB) from the detection electrode cannot return to t
electrode because of the low electric field, thus having
small value in this case. Since the maximum energy od
electrons should not exceed the order of several keV, mos
them can stop within the detector foil~Al, 300 mg/cm2!. This
thickness seems to be nearly ‘‘thick’’ in the 6 MeV/n region,
and a small difference in the thickness does not affect
yields @7#. Thus, the use of both an internal voltage sou
and the above-mentioned two collimators has allowed us
improve this kind of error. For determininggF andgB , the
QF andQB values at an applied voltage of 30 V were used
this measurement. The error inQz was estimated to be below
1% @11#.

There was a slight decrease in the energy~E! of the
heavy-ion beams after passing through the foil, that is, th
energy loss (DE) within the 1mm foil; the SE yields should
have been greater by aboutDE/E. Incident heavy-ion beams
passed through one sheet of Al foil for a measuremen
QB , and two foils forQF . QB measured the emission from
the front of the foil prior to significant energy loss in th
foil, while QF measured the emission from the back after
ion had experienced essentially the full energy loss for t
foil. The corresponding energy loss within a foil was eva

l

ur-
ls

FIG. 2. Typical example of comparison between the to
ejected-electron charge~plus,QT! and the detected-electron charg
~minus,QF1QB! for N71 vs the applied voltage (V). WhenV is
larger than 20 V, a plateau can be seen.
1-2
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PROJECTILE CHARGE DEPENDENCE OF ELECTRON . . . PHYSICAL REVIEW A61 052901
ated to be 66.0 keV when the foil was of pure Al, in the ca
of 6 MeV/n He21. Data for the stopping power~208 and 192
keV cm2/mg for 22.5 and 25 MeVa particles! were taken
from Ref. @12#. In the case of 24 MeVa particles,DE for
300 mg/cm2 ~1 mm thickness! Al is interpolated to be 66
keV. Thus the initial energy should be decreased by 0.3
and the increase in the stopping power or SE yield is also
the same order. Although the ratioDE/E is 2% for the case
of Ar181, it is still smaller than the error coming from th
fluctuation in the surface condition. However, for theQF
values~after two foils! of Si141 and Ar181, the energy loss or
increase in the SE yield reaches 3–4 %; when conside
these data at the energy of just 6 MeV/n, their gF values
should be corrected to be lower by 3–4 % than the actu
measured ones. Among several errors in the measurem
the reproducibility ~surface-dependent error! is dominant,
and the effects from the energy loss are comparatively sm
even forQF . The effects of nuclear reactions and recoil we
negligible in this measurement, since their cross secti
were very small compared to those of atomic collision in
energy region below 6 MeV/n.

The main problems in an Al foil are the oxidization an
adsorption of other molecules~H2O, N2, O2, and so on! on
the surface. Although the details are unclear, such conta
nation effects were well studied using a model by Arra
et al. @13#; his results suggest our data are larger than a c
yield value by about 20% due to adsorption of residual ga
under a vacuum of 531026 Torr and an ion current densit
on the order of 10 nA/cm2 on the average. Judging from th
measured characteristics of the SE yields (gF1gB) vs the
total number of incident particles~Fig. 3!, we estimate that
the surface of the Al foil is a mixture of Al,Al2O3, and some
other molecules during the measurement, depending on

FIG. 3. Typical example of the SE yield vs total number
incident particles for He21. During the first few tens of minutes, th
SE yield slightly increases and then reaches a maximum; after
the yield decreases according to an approximately expone
curve. The measurement was carried out at around the peak o
curve, which corresponds to 100–200mC for the case of He21. In
this case the full-scale 1200mC corresponds to a continuous irra
diation time of about 10 h.
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number of irradiating particles and ion species. Our assu
tions are as follows:~1! the surface of pure Al foil can gen
erally be considered to be Al2O3 with some adsorption afte
it is exposed to the atmosphere for a while;~2! when the
beam intensity is not very large and is on the order
109– 1011pps, the surface of Al foil under vacuum cond
tions is nearly Al2O3 1 @some other molecules
(H2O, O2, N2)# at the beginning of exposure, and gradua
changes to pure Al2O3 by sputtering as the total number o
incident particles increases;~3! during the first exposure for a
few tens of minutes, the SE yields slightly increase due
the reduction of such adsorbed molecules, which gener
have a small stopping power compared to that of Al2O3 or
Al; ~4! adsorption and desorption reach an equilibrium st
with each other, and the SE yields begin to gradually
crease by sputtering Al2O3 after about 30 min, according to
an exponential curve;~5! after this point, the surface is
changed from nearly pure Al2O3 to Al2O31Al. As can be
seen in Fig. 3, the reduction of the yields reached 13% in
h, and had not yet saturated. This is because the differenc
stopping power between Al and Al2O3 is on the order of
several tens of percent; hence a decrease in the SE y
should finally be of the same order. Each yield measurem
was for 20–30 min in duration to reduce the number of a
sorbed molecules, and was performed within 1–1.5 h of
start of irradiation with a particular ion species, which mea
that the peak region (;Al2O3) of the curve~in Fig. 3! was
used. In order to keep the foil conditions reasonably cons
for various ion species, it was necessary to maintain an
most constant energy loss within the foils; the beam inten
was kept at between 109 and 1011pps for H–Ar, depending
on the ion species. The fluctuation rate during this short
riod ~a few hours! could thus be evaluated to be smaller th
2% ~61%! for incident particles from protons to argon.

As mentioned above, the surface of the Al foils is actua
close to Al2O3 with an equilibrium molecular density for al
measurements in this work. When changing the foil, the fl
tuation in QF and QB was largest, and reached6 a few
percent, depending on the individual surface conditions
ion species. The error in the measurement was thus evalu
to be 62% in QF and QB for light ions and63% for ions
heavier than Si.

III. RESULTS AND DISCUSSION

Figure 4 shows the relationship betweenz2 and gF ,gB ,
while Fig. 5 shows the two yields scaled byzeff

2 ~i.e.,
QF /Qz /zeff andQB /Qz /zeff!, in order to consider their cor
relation with the stopping power~the well-knownL!. The
zeff values were calculated using Ziegler’s empirical formu
@14#, in which the accuracy is65% for z numbers of 6–92.
For protons (z51) and helium (z52), this kind of accuracy
is much better. Thus, the overall error in the SE yie
(gF ,gB) becomes about66% in both Figs. 4 and 5. Thes
curves are roughly linear over az range between 1 and 18
the best-fit results aregF}zeff

1.92 andgB}zeff
1.78. One can thus

tell that the SE yield from foils is, to a first-order approx
mation, proportional to the stopping power; however, t
yields for He21 and Ne101 are comparatively small, and th
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Y. SATO et al. PHYSICAL REVIEW A 61 052901
characteristics obviously have an oscillation, as first poin
out by Arraleet al. @15#. In Fig. 5 it is also possible to com
pare our data in this work with that of other experimen
Since there have been few other data on Al foils concern
gF in the several MeV/n region, only a comparison ofgB is
possible. Since the detailed distribution of the charge frac
in eachzeff is not well known, thezeff

2 values were calculated
using thezeff values obtained by Ziegler’s formula; the po
sible error involved in such a calculation, however, is sma
than 1%.

The following is a comparison between our data and so
others under similar vacuum conditions~531026 Torr in our

FIG. 4. gF andgB ~forward and backward SE yields per ion! on
Al vs z2 with exposure to 6 MeV/n heavy ions. A reasonable pro
portionality, can be seen, though the yields havez oscillation and
are comparatively small for He21 and Ne101.

FIG. 5. gF andgB perzeff
2 on Al vs z with exposure to 6 MeV/n

heavy ions ~gF}zeff
1.92 and gB}zeff

1.78!. Some other data
(H1, Li31, C61) are also plotted, andz oscillation can be clearly
seen.
05290
d

.
g

n

r

e

case!. From the experiments of Borovskyet al.
(;1025 Torr), the value for a 6 MeV proton on Al2O3 can
be precisely interpolated to begB50.58 from several data
points over 5–24 MeV@16#; from the early data of Mironov
and Nemenov, the value is about 0.6@17#. These two values
agree well with our data (0.60962%). Meanwhile, only the
data of Castanedaet al. @18# ~protons anda particles on
Al2O3 at ;1026 Torr! show a considerably small value~0.45
for 6 MeV protons! compared with other data; in his cas
the surface may have been rather clean under a g
vacuum. From the heavy-ion data of Borovsky and Bar
clough (;1025 Torr) @6#, gB of 7Li31 on Al2O3 can be ex-
trapolated to be 4.5 at 6 MeV/n ~42 MeV!, which corre-
sponds to 0.5 forgB /zeff

2 , as plotted in Fig. 5. The calculate
value (gB) of 16.3 for C61 on Al2O3 using the semiempirica
equation of@6# corresponds to 0.46 forgB /zeff

2 , and agrees
well with our 6 MeV/n C61 data (0.47266%). His actual
C61 value of 16.0 at 63 MeV (5.25 MeV/n) is also compa-
rable with our data. Figure 5 also shows a gradual decre
in the curve ofgB /zeff

2 along with an increase inz ~gB is
roughly proportional tozeff

1.78!; a similar tendency with
6.2 MeV/n He21, N71; and O81 was presented in the exper
ment of Koyamaet al. with Au foil @19# and that of Rothard
et al. with C foil @7#, in which the ratio ofgB for projectiles
between proton and Ne is 50–60 %, and is similar to
curve in Fig. 5. ThegB values obtained in this work are thu
quite consistent with other data.

As previously mentioned, two or three valleys can be se
in the two curves~gF andgB! in Fig. 5. The forward yield
with protons is larger than that with He21 by 25%. After that,
the yield gradually decreases and reaches a minimum for
Ne101 beam; the difference between C61 ~or Si141! and
Ne101 is 30–31 %. The yield with Ar181 is smaller than that
with Si141 by 6%. It is thus clear that the yields havez
oscillation. This tendency appears to be somewhat clea
the forward direction, and is similar to the data of Arra
et al. @15#; the oscillation seems to be related to the prod
tion mechanism ofd electrons or the behavior of two-cente
effects. gB is somewhat small atz54 and 24 in Rothard
et al.’s data@7#, and atz52 and 10 in Fig. 5, suggesting tha
z oscillation depends on the target materials. As can be s
from Fig. 5, Borovskyet al.’s data for H1, Lr31, and C61 on
Al @6,16# may have already suggested such a tendency. A
Castanedaet al.’s data @18# show a similar tendency, in
which the yields with 4.5 and 6.35 MeV/n deuteron beams
are higher than those with the same-velocitya particles by
21% and 9%, respectively. For suchz oscillation, screening
effects by target electrons in a continuum state may play
important role@20#.

The ratio~R! of gF /gB ~QF /QB in our case! has also been
evaluated. For Al foil~light material!, a large forward en-
hancement and its dependence onz can be observed in Fig
6, which is similar to the recent data of Rothardet al. on C
foil @7#. These results suggest that many electrons initia
ejected in the backward direction are pulled by the stro
Coulomb field of a highly charged projectile, and some
them are deflected into the forward direction with high e
ergy, as discussed in@10,21#. The data of Rothardet al. @22#
1-4
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PROJECTILE CHARGE DEPENDENCE OF ELECTRON . . . PHYSICAL REVIEW A61 052901
show thatR is 1.13–1.37 for He–Ar on Al foil, which is
smaller than the values of this work~1.26–1.62 in Fig. 6! by
12–18 %. This difference might be because the beams w
not highly charged and the projectile velocities were lo
(<600keV/n) in the experiment of@22# resulting in a low
equilibrium charge state~weak Coulomb field! within the
target.

For heavy-metal foils~Ag and Au!, however, the forward
and backward yields were almost identical; comparisons
each yield with Ne101 are given in Fig. 7. As can also b
seen in Fig. 7,gB depends slightly on the target atomic num
ber, whilegF is almost constant. These two results sugg
that ~1! a sufficient relaxation of high-energy electrons o
curs within dense materials, resulting in isotropic emiss
from the surface of heavy-metal foils and~2! the target de-
pendence is consequently small.

IV. SUMMARY

Data for the SE yields from Al foil~Fig. 4! have been
obtained with an overall error of66% for bare projectiles
from proton to argon under a 6 MeV/n fixed-velocity condi-

FIG. 6. Ratio betweengF andgB for 6 MeV/n heavy ions on Al
foil vs z.
e-

K

ys

ds
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tion, for both the forward and backward directions. The s
face of the Al foils should have been nearly Al2O3 with an
equilibrium molecular density throughout the experimen
The accuracy of the data was determined mainly by tha
the calculation ofzeff(65%) and the error in the measure
ment ~62–3 %!. The charge dependence was shown to
roughly proportional tozeff

2 along withz oscillation. Even in
the vacuum used (531026 Torr), it was possible to pre-
cisely measure the projectile charge~z! dependence of the
electron emission. An improvement in the base vacuum
3–4 orders of magnitude and sufficient sputtering will allo
us to obtain more detailed information from a clean surfa
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FIG. 7. gF and gB on Al, Ag, and Au vs atomic number with
exposure to 6 MeV/n Ne101 beams. The ratio betweengF andgB is
large for Al ~light material!, though it is small for Ag and Au
~heavy materials!.
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