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Projectile charge dependence of electron emission from foils
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We have precisely measured the secondary-electron-emissionyjeldm thin Al, Ag, and Au foils with
a thickness of Jum on exposure to fully stripped 6 Mek'/heavy ionsgH, He, C, N, O, Ne, Si, and ArThe
dependence of the forward and backward yields on the projectile nuclear dzpsi@wed a proportionality
to the square of the effective charge{) and an oscillatory behavior with atomic numkzetthe yields were
comparatively low for exposures to Heand Né° beams. The forward enhancement was significant for Al
foil (light meta), depending orz; in contrast, it was small for Ag and Au foildieavy metals The accuracy
of the y values was evaluated by determinationzgf (£5%) and the surface reproducibility of the foll
(£2-39%.

PACS numbd(s): 34.50.Bw, 34.50.Dy, 79.26:m

[. INTRODUCTION yield for the case of higlz-projectiles. This ratio can thus be
useful information not only to study the production®élec-
Sternglas$1] and several other authdr2—5] have shown trons, but also to improve and develop radiobiological mod-
theoretically that the ion-induced secondary-electt&f)  €ls. In particular, good accuracy of the data is important for
yield from thin foils, the well-known kinetic emission, is track-simulation studies, which have been actively carried
proportional to the stopping power in some atomic layers ofut worldwide; this was an additional motivation for our
the surface, and is a useful probe for studying the stoppingtudy. In our case, the dominant uncertainty seems to have
power. In particular, the dependence on the effective chargéeen due to the reproducibility of the surface condition of the
of the projectiles %) of the SE yields from foils and their foils (£2-3% and the accuracy in calculatirg; (£5% at
direction are of great interest from the viewpoints of atomicmaximum, while the other errors were suppressed to below
physics and radiobiology. For atomic numbérs ranging 1% in most cases. The dependence of the SE yields on the
from proton to argon at several MeW/(the Bragg-peak re- target materials was also measured using®Neeams with
gion), the stopping power is highly important from the view- three kinds of targetscommercially obtained Al, Ag, Au
point of heavy-ion therapy, and relevant SE data are greatl{oils) with a thickness of Jum were used. This paper reports
needed as useful information. There are, however, only a fewrincipally on the precisely measured data of SE yields from
data[6,7] in this energy region, which was the primary mo- Al foil from the viewpoints of the charge dependence, and
tivation for this work. the ratio between the forwardyg) and backward {g)
We have tried to measure precisely theependence of Yields.
the SE yields from Al foil using fully stripped and fixed-
velocity (6 MeV/n) heavy-ion beaméH™, He?t, C&F, N7*, Il. EXPERIMENT
08", Net®", Sit*" and Af8") from the NIRS-HIMAC In- , , ,
jector Linac [8]. After passing through a carbon stripper ~ The main apparatus used to measure the SE yields is sche-
(thickness of 10Qug/cnt) and two bendind20 deg and 70 matlcally shown in Fig. 1. ;_’I'hree foils are used and the sur-
deg magnets, the magnetically analyzed beams were cofounding vacuum is 510" Torr; details of the apparatus
lected and transported to an experimental cave with a mg@nd its application to fast detectors have already been pre-
mentum spread of:0.25%[9]. An energy of 6 MeVh cor-  Sented in Ref[11]. y and yg are given by
responds to a projectile velocity of 15.1 a.y3=0.11),

which is considered to be high enough to have no influence Yr=ZeilQr/ Q2

on the SE yields due to molecular processes or binding ef- (1)
fects[10]. The charge effects on the SE yields can therefore ¥8=ZeQB/Q2,

be investigated in detail under the constant-velocity condi-

tion; this was the second motivation for our work. whereQr andQg are the measured electron charges directly

Much effort was made to simplify and improve the appa-ejected forward and backward from a foil, respectively, and
ratus in order to reduce the error in measurements down tQ, is the heavy-ion charge into the Faraday cup; since
the order of=2-3%. The ratio between the forward and Q,/z.; corresponds to the number of heavy ions, eaglor
backward yields is related to the combined influence of theyg is the mean number of ejected electrons per ion. We
projectile and target Coulomb fieldshe well-known two- measured these negative-chafgkectron signals from both
center effectg a fast(high-energy electron experiences two surfaces of the middle foil, which was biased at zero. A
separated Coulomb forces, suggesting a large forward Spositive voltage(30 V) was directly supplied to both the
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FIG. 1. Schematic drawing of the experimental setup. Three Al Applied  voltage [V]

fo_ils (effectively 40 mnd in area and Jum in thickness are used FIG. 2. Typical example of comparison between the total
with a gap of 2 mm. A permanent magri800 G is placed at the  gjected-electron chargelus, Q) and the detected-electron charge
entrance of the Faraday cup. Electrons are ejected from both SUffninus, Q¢+ Qg) for N7* vs the applied voltageM). WhenV is
faces of the middle foil, and are detected at both sides of the fo”ﬁ;arger than 20 V, a plateau can be seen.

by using electrometer&eithley 6517 A, which have an internal
voltage source.A fluorescent beam monitdAF995R, Demarkegt

is used to check the beam sike. previously mentioned scheme, though there is no informa-

tion to distinguish the forward and backward yields. The
front and rear foils from an internal voltage source of twodifference betweenQr+ Qg) and Q was actually smaller
electrometergKeithley 6517A. In this case the charge sig- than £1% when the applied voltage was larger than 20 V
nal obtained from the rear foil corresponded to the forwardplateau regiojy in our configuration(Fig. 1) the area of
SE yield Q), and that from the front foil to the backward each detector foil40 mnf) covered about 90% of the hemi-
SE yield Qg). In other words, the emission from both sur- sphere(2m) in terms of the solid angle to the center axis of
faces of the middle foil was measured in two hemisphericaemission, and was large enough to collect most of the ejected
directions, where each front or rear foil acted as a detectoglectronsa 2 mm gapcorresponded to 10%. A typical ex-
electrode. When passing through the fitbnt) foil, the ~ ample of a plateau curve for Nl is shown in Fig. 2. The
beams should have reached their equilibrium charge statédjfference betweer®: and Qr+ Qg becomes large in the
because Jum (300 ug/cn?) is thick enough to produce this low-bias-voltage region; this is because the ejected electrons
condition; electron capture should have occurred only within(Qr+ Qg) from the detection electrode cannot return to the
the front foil. A correction of £—z.s) was thus made for electrode because of the low electric field, thus having a
vg, in such a way that the trug; was determined by adding small value in this case. Since the maximum energysof
(z— z¢¢) to the measured value; this correction to the yieldelectrons should not exceed the order of several keV, most of
reached 2.6% at maximum for Ar. them can stop within the detector f¢#l, 300 ug/cn?). This

At the outer sides of the three foils, two collimatd®0  thickness seems to be nearly “thick” in the 6 MaVregion,
mm® in diameter, and with a brilmwere equipped to pro- and a small difference in the thickness does not affect the
duce an electric field similar to that in each foil g&mm), yields [7]. Thus, the use of both an internal voltage source
and to prevent the escape of electrégiected from the foils  and the above-mentioned two collimators has allowed us to
from this gap region in order to precisely meas@g and  improve this kind of error. For determining: and yg, the
Qg . These collimatorémade of copperare also effective to  Qr andQg values at an applied voltage of 30 V were used in
stop any halo beams produced upstream of the beam line #3is measurement. The error@, was estimated to be below
well as any stray electrons, resulting in a reduction of thel% [11].
error [11]. The size of the heavy-ion beam was always ad- There was a slight decrease in the enefgy of the
justed to around 5 mnb at a position of=1 mm on the heavy-ion beams after passing through the foil, that is, their
fluorescent beam monitor just behind the figiig. ). energy loss AE) within the 1 um foil; the SE yields should

There is another scheme for more precisely measuring thieave been greater by aboME/E. Incident heavy-ion beams
SE vyields, which is to indirectly measure a positive-chargepassed through one sheet of Al foil for a measurement of
signal from the middle foil when it is biased at a negativeQg, and two foils forQr. Qg measured the emission from
voltage; both sides of the foils are biased at zero. In this casthe front of the foil prior to significant energy loss in that
the charge obtainedQ;) is the same as the total SE yield foil, while Qr measured the emission from the back after the
from both surfaces of the middle foil, and is expected to béon had experienced essentially the full energy loss for that
almost equal to the sum dr and Qg measured by the foil. The corresponding energy loss within a foil was evalu-
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number of irradiating particles and ion species. Our assump-
He*' (6Mev/n, 10''ions/sec) tions are as follows(1) the surface of pure Al foil can gen-
1 pm thick Al foil erally be considered to be &, with some adsorption after
it is exposed to the atmosphere for a whi(@) when the
beam intensity is not very large and is on the order of
10°—- 10" pps, the surface of Al foil under vacuum condi-
tions is nearly AJO; + [some other molecules
(H,0, 0,, N,)] at the beginning of exposure, and gradually
changes to pure AD; by sputtering as the total number of
incident particles increase) during the first exposure for a
few tens of minutes, the SE yields slightly increase due to
the reduction of such adsorbed molecules, which generally
have a small stopping power compared to that ofQ3lor
Al; (4) adsorption and desorption reach an equilibrium state
1 4 L 1 with each other, and the SE yields begin to gradually de-
0 400 800 1200 crease by sputtering AD; after about 30 min, according to
Incident particle numbexr [uC] an exponential curve(5) after this point, the surface is
changed from nearly pure /D; to Al,O3+Al. As can be
FIG. 3. Typical example of the SE yield vs total number of seen in Fig. 3, the reduction of the yields reached 13% in 10
incident particles for H&". During the first few tens of minutes, the h, and had not yet saturated. This is because the difference in
SE ylt_eld slightly increases an_d then reaches a maximum; after th_%topping power between Al and A; is on the order of
the yield decreases according tq an approximately exponentlageveral tens of percent; hence a decrease in the SE yields
gzxg m?cﬂqggfr‘é;ergsgtsVt"c?slggir'zed °f”t "’t‘:] around t??_f,geal‘k of "i$10uld finally be of the same order. Each yield measurement
o P AC for the case o - was for 20-30 min in duration to reduce the number of ad-
this case the full-scale 1200C corresponds to a continuous irra- o
diation time of about 10 h. sorbed 'mole_cu_les, gnd was perfor_med W|th|n 1—;.5 h of the
start of irradiation with a particular ion species, which means
ated to be 66.0 keV when the foil was of pure Al, in the casethat the peak region~Al,O3) of the curve(in Fig. 3 was
of 6 MeV/n He?*. Data for the stopping powé208 and 192  used. In order to keep the foil conditions reasonably constant
keV cnf/mg for 22.5 and 25 MeVw particles were taken for various ion species, it was necessary to maintain an al-
from Ref.[12]. In the case of 24 Me\W particles,AE for =~ most constant energy loss within the foils; the beam intensity
300 ug/cn? (1 wm thickness Al is interpolated to be 66 was kept at between 1Gnd 16 pps for H—Ar, depending
keV. Thus the initial energy should be decreased by 0.3%®n the ion species. The fluctuation rate during this short pe-
and the increase in the stopping power or SE yield is also ofiod (a few hourg could thus be evaluated to be smaller than
the same order. Although the ratld=/E is 2% for the case 2% (+1%) for incident particles from protons to argon.
of Ar¥®" it is still smaller than the error coming from the  As mentioned above, the surface of the Al foils is actually
fluctuation in the surface condition. However, for thg close to AbO5 with an equilibrium molecular density for all
values(after two foilg of Si**" and A", the energy loss or measurements in this work. When changing the foil, the fluc-
increase in the SE vyield reaches 3—4 %; when considerintpation in Qg and Qg was largest, and reachetl a few
these data at the energy of just 6 M@V/their y values percent, depending on the individual surface conditions and
should be corrected to be lower by 3—4 % than the actualljon species. The error in the measurement was thus evaluated
measured ones. Among several errors in the measuremeit®, be £2% in Qg and Qg for light ions and+3% for ions
the reproducibility (surface-dependent erjois dominant, heavier than Si.
and the effects from the energy loss are comparatively small,
even forQg . The effects of nuclear reactions and recoil were . RESULTS AND DISCUSSION
negligible in this measurement, since their cross sections
were very small compared to those of atomic collision in the ~ Figure 4 shows the relationship betweehand e, vs,
energy region below 6 MeW. while Fig. 5 shows the two yields scaled b;gﬁ (i.e.,
The main problems in an Al foil are the oxidization and Qr/Q;/Ze andQg/Q,/z¢), in order to consider their cor-
adsorption of other moleculd$i,0, N,, O,, and so ohon  relation with the stopping powethe well-knownA). The
the surface. Although the details are unclear, such contamie values were calculated using Ziegler's empirical formula
nation effects were well studied using a model by Arrale[14], in which the accuracy is=5% for z numbers of 6-92.
et al.[13]; his results suggest our data are larger than a cleahor protons ¢=1) and helium ¢=2), this kind of accuracy
yield value by about 20% due to adsorption of residual gasets much better. Thus, the overall error in the SE yield
under a vacuum of 510 ® Torr and an ion current density (r.vs) becomes about6% in both Figs. 4 and 5. These
on the order of 10 nA/cfon the average. Judging from the curves are roughly linear overzrange between 1 and 18;
measured characteristics of the SE yieldg { yg) Vs the the best-fit results arggozi;? and ygzgif®. One can thus
total number of incident particle@=ig. 3), we estimate that tell that the SE yield from foils is, to a first-order approxi-
the surface of the Al foil is a mixture of Al,AD;, and some mation, proportional to the stopping power; however, the
other molecules during the measurement, depending on thgelds for HE™ and Né°" are comparatively small, and the
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200 [T casg. From the experiments of Borovskyet al.
[ 1 (~10"°Torr), the value foa 6 MeV proton on AJO; can
—&— 7, (forward) ‘ Ar 1 be precisely interpolated to bgz=0.58 from several data
points over 5-24 Me\[16]; from the early data of Mironov
and Nemenov, the value is about (1&]. These two values
agree well with our data (0.6@92%). Meanwhile, only the
] data of Castanedat al. [18] (protons anda particles on
i Al,0; at~10"® Torr) show a considerably small val(@.45
] for 6 MeV proton$ compared with other data; in his case,
the surface may have been rather clean under a good
; vacuum. From the heavy-ion data of Borovsky and Barra-
1 clough (~10 °Torr) [6], yg of Li®* on Al,O; can be ex-
] trapolated to be 4.5 at 6 Mex/ (42 MeV), which corre-
sponds to 0.5 foryB/zgﬁ, as plotted in Fig. 5. The calculated
0p TR TR TS T T T value (yg) of 16.3 for &* on Al,O5 using the semiempirical
0 SO 100 150 200 250 300 350 400 equation of{6] corresponds to 0.46 fo'yB/zﬁﬁ, and agrees
(2)? well with our 6 MeV/in C®" data (0.472-6%). His actual
C®" value of 16.0 at 63 MeV (5.25 MeW) is also compa-
FIG. 4. ye andyg (forward and backward SE yields per joon  rable with our data. Figure 5 also shows a gradual decrease
Al V§ z° With exposure to 6 MeMt heavy_ ions. A rea§on_able pro- in the curve Of')’Blzgff along with an increase iz (yg is
portionality, can be seen, though the ycl)flds hawescillation and roughly proportional to Zé'fza); a similar tendency with
are comparatively small for He and N&°". 6.2 MeV/n He**, N™*; and G was presented in the experi-

L ) . , . ment of Koyameet al. with Au foil [19] and that of Rothard
characteristics obviously have an oscillation, as first pointedy 51 with C foil [7], in which the ratio ofyg for projectiles

out by Arraleet al.[15]. In Fig. 5 it is also possible to com- panveen proton and Ne is 50-60%, and is similar to the

pare our data in this work with that of other experiments.. e in Fig. 5. Theyg values obtained in this work are thus
Since there have been few other data on Al foils concernlng]uite consistent with other data.

v in the several MeM region, only a comparison ofg iS ~  Ag previously mentioned, two or three valleys can be seen
possible. Since the detailed distribution of the charge fractio, the two curvesyr and yg) in Fig. 5. The forward yield

; _ 5 . 5.

in eachze is not well known, thezg; values were calculated - yth protons is larger than that with Rieby 25%. After that,
using thez values obtained by Ziegler's formula; the pos- the yield gradually decreases and reaches a minimum for the
sible error involved in such a calculation, however, is smallef\glot peam: the difference betweenf™C (or Si**) and

than 1%. _ Ne'®" is 30—31 %. The yield with A" is smaller than that
The following is a comparison between our data and someit, gjl4+ by 6%. It is thus clear that the yields have

others under similar vacuum conditiof< 10" ° Torrin our  gsciljation. This tendency appears to be somewhat clear in

the forward direction, and is similar to the data of Arrale

et al.[15]; the oscillation seems to be related to the produc-

tion mechanism ob electrons or the behavior of two-center

effects. yg is somewhat small at=4 and 24 in Rothard

et al’s data[7], and atz=2 and 10 in Fig. 5, suggesting that

z oscillation depends on the target materials. As can be seen

from Fig. 5, Borovskyet al’s data for H, Lr**, and &* on

Al [6,16] may have already suggested such a tendency. Also,

. Castanedeet al’s data [18] show a similar tendency, in

T which the yields with 4.5 and 6.35 MeK/deuteron beams

O /2 . this work T are higher than those with the same-velocityarticles by

] 21% and 9%, respectively. For sugzloscillation, screening

6] | effects by target electrons in a continuum state may play an

] important role[20].

I Tg/2qq Mronov!” | ] The ratio(R) of yr/yg (Qr/Qg in our casghas also been

ol 0 T evaluated. For Al foil(light materia), a large forward en-

0 5 10 15 20 hancement and its dependencezoten be observed in Fig.

6, which is similar to the recent data of Rothatlal. on C

foil [7]. These results suggest that many electrons initially
FIG. 5. v and yg perzZ; on Al vs z with exposure to 6 Me\ ejected in the backward direction are pulled by the strong

heavy ions (ygxzi?? and ygxzi/®. Some other data Coulomb field of a highly charged projectile, and some of

(H™, Li®", C®") are also plotted, and oscillation can be clearly them are deflected into the forward direction with high en-

seen. ergy, as discussed [10,21. The data of Rothardt al.[22]

—— Tg (backward)

Si

50

0.8 T
r 6MeV/n Heavy lons on Al foil

Scaled yields

0.2 i ’rB/zeffZ this work

A T B/ Zeffz Borovskys’

Atomic number Z
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FIG. 6. Ratio betweer andyg for 6 MeV/n heavy ions on Al

) FIG. 7. y¢ and yg on Al, Ag, and Au vs atomic number with
foil vs z.

exposure to 6 MeVi Ne'®" beams. The ratio betweer andyg is

. ) o large for Al (light materia), though it is small for Ag and Au
show thatR is 1.13-1.37 for He—Ar on Al foil, which is (heavy materials

smaller than the values of this wo(k.26—1.62 in Fig. Bby . o
12-18%. This difference might be because the beams weon for both the forward and backward directions. The sur-
not highly charged and the projectile velocities were low face of the Al foils should have been nearly,@k with an
(=600keVh) in the experiment of22] resulting in a low equilibrium molecular density through'out the experiments.
equilibrium charge statéweak Coulomb fielg within the The accuracy of the data was determlned. mainly by that in
target the calculation ofze(=5%) and the error in the measure-
For heavy-metal foil§Ag and Au, however, the forward ment (+2-3 %'. The chzarge depgndence. was shown .to be
and backward yields were almost identical, comparisons Ogoughly proportional tczefjglong W'.thz oscnlathn. Even in
each yield with N&°* are given in Fig. 7. As can also be the vacuum used (10" °Tor), it was possible to pre-
seen in Fig. 7yg depends slightly on the target atomic num- cisely measure the projectile chargg dependence of the

ber, while y¢ is almost constant. These two results suggesglec'[ron emission. An Improvement in the bas_e vacuum by
that (1) a sufficient relaxation of high-energy electrons oc- —4 orderg of magnltuqle a_nd sufflc_lent sputtering will allow
curs within dense materials, resulting in isotropic emissior'S to obtain more detailed information from a clean surface.
from the surface of heavy-metal foils al(@) the target de- ACKNOWLEDGMENTS
pendence is consequently small.
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