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Simultaneous measurement of the average ion-induced electron emission yield
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Knowledge of the incident ion’s atomic numbe£,) dependence of ion-induced electron emission yields
can be the basis for a general understanding of ion-atom interaction phenomena and, in particular, for the
design ofZ,-sensitive detectors that could be useful, for example, in the separation of isobars in accelerator
mass spectrometry. Tty dependence of ion-induced electron emission yiejd$as been investigated using
heavy ions ", 03", F*3 Na*, AI%", si®t, p3* s3* cI3t, K3*, Ti%t, crdt, Mn*t, Fe*',

Co**, Ni*t, cu*t, Ga*t, As®™, Brd*, Ru’*, Ag’", sn’*, and B* of identical velocity ¢ =2v,, where

v is the Bohr velocity normally incident on 5Qug/cm? sputter-cleaned carbon foils. Measured yields as a
function of Z, reveal an oscillatory behavior with pronounced maxima and minima. Contrary to previously
reported yields that assumed a monotonically increasing empirical mean charge state for the exiting ion, the
present work indicates th#, oscillations in the experimentally measured yields, a fact masked in previous

work. The strongZ, oscillations can only be observed by simultaneous measurement of the yield and the mean
charge state.

PACS numbdrs): 34.50.Dy, 79.20-m

I. INTRODUCTION by the semiempirical calculations of Sterngl@36 Even the
more recent calculations done by ScHdul3] and Sigmund
It is a well-known phenomenon that electrons are emittecand Tougaard14] show the yield to be proportional to the
when energetic ions impinge on solid targets-4]. Not only  stopping power. For the case of protons over a wide range of
is the understanding of the processes that lead to the emiprojectile energies, the proportionality between the yield and
sion of electrons of fundamental interest, but also the emisstopping power has been confirmgts—-17. For heavier
sion has a wide range of applications in such areas as timéens, others have showfi8-2Q that in certain cases, the
of-flight spectroscopy, atomic number identification, plasmayield and stopping powers have the same velocity depen-
wall effects in nuclear fusion, electron microscopy, Augerdence. However, for a given energy, their yields do not show
spectroscopy, semiconductor physics, and in photoelectrithe sameZ; dependence.
and electron multiplier devices. Because of the dependence Clerc et al. [5] proposed over 20 years ago that ion-
of the ion-induced electron emissiGhEE) yield on the type induced electrons can be used ¥y detection; however, no
of incident ion, it has been suggesfé&d that electrons emit- further attention has been directed to this area to determine if
ted from target foils can be used for atomic numbgg)(  such detection is feasible. One way to test the above proposal
identification of ions. In accelerator mass spectroscopys to establish if the electron emission yield is sensitive to the
(AMS), where trace elements in electronic materials may baype of ion by using a wide range of projectile ions. If a
characterized 6], pursuing ion-induced electron emission meaningful difference is portrayed in the electron emission
methods could further help to identify elements with theyield of, for example, ions differing in atomic number by at
same mass number but different atomic numiisisbars. In least 1, then an ion-induced electron emission technique
some particle irradiation experiments, if not properly ac-could be a useful tool in identifying isobars.
counted for, emitted electrons complicate the absolute beam TheZ; dependence of the electron yield from bulk metal-
current measuremeit,8]. lic targets induced by low-energy(50 keV) ions has been
The IIEE yieldy, defined as the total number of electrons published in the past by other authd&l—23. They have
emitted per incident ion, can proceed by two differentreported a periodic variation of the yield that is not corre-
mechanisms: potential-energy emissiPE) and kinetic- lated with the stopping power of the target. They found that
energy emissiofKEE). For ion velocities above 10cm/s,  the type of target material affects only the amplitude of the
KEE is the dominant cause of the yidl@l,10] as opposed to oscillation and not the location of the maximum. These stud-
PE[9,11,13 which is beyond the scope of the present work.ies were performed at extremely low ion velocities<{vg,
In the KEE process, it is the kinetic energy transferred to thavherev,=2.19x 10° cm/s is the Bohr velocity, the classical
target electrons that causes the production, transport, and tkelocity of the electron in the ground state of hydrogérhe
emission of electrons from the target matef&H. present work reports investigations at a much higher veloc-
It has long been an acknowledged fact that IIEE dependgy.
on stopping powers, and this assumption is best evidenced The energy loss of the ion is a function of its charge state.
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Therefore, whenever appropriate, we have examined whether Note that Qrc and Q;,, are simultaneously measured
the initial charge state of the ion has any effect on thewhile the foil is in place. The charge of the io®,,) is then
yield—at least in the energy range in which we are working.the algebraic sum of all charges given by

Earlier results from other authofd5,19 seem to suggest

some dependence of the yield on the charge state. We shall Qion=|Qrd + Q| — Qo — Q4. 4
clearly establish the relevance and magnitude of this effect.

On the fo”owing pages, we present the often referenced Yield measurements obtained at a pressure ab0\7(-.9 10
theories and the experimental techniques pertaining to th&orr vacuum conditions are known to be higher than yields
field of ion-induced kinetic electron emission. The experi-Obtained under ultrahigh vacuum conditions. In order to
mental procedures for the simultaneous measurement of ageasure a consistent and reproducible yield we have studied
curate and reproducible yields, and the mean charge state df€ Yyields from contaminated as well @s situ sputter-
discussed in Sec. II. In Sec. IlI, the forward, backward, ancfleaned surfaces, using argon gas as the sputtering agent
total IIEE yields induced by swift =2v,) heavy ions [24]. The yield decreased as the target was bombarded with
(C3*, 0%, F3*+, Nad*, AI3*, sid3+, p3+, g3+ (i3, theion and saturated to a constant low value, which is a
K3+, Tid*t, cr®t, Mn4t, Fe**, Co*", Ni4t, cu4t, characteristic of a clean surface. The dependence of the yield
Ga*", As®*, Br3*, Ru’*, Ag”*, Sn’*, and IB") incident ~ ON vacuum and beam conditions has been reported in detail
on sputter-cleaned carbon foils are presented and discussBEEViously [24]. In the present work, the conditions were
in the framework of existing theories. adjusted to assure reproducible and accurate results repre-

senting the “clean” carbon surface.

Il. EXPERIMENT Ill. RESULTS AND DISCUSSION

Present experiments were done using the Nationall Elec- |4 order to measure th2, dependence of the IIEE yields,
trostatics Corporation 9SDH 3 MV tandem accelerator in thgpe present work utilized a wide range of ions of identical

lon Beam Modification and Analysis Laboratory at the Uni- velocity (v=2v,) incident normally on a 50ug/cm?

versity of North Texas in Dentopé Texas. The IIEE chambergyter-cleaned carbon foil. By yield the authors mean the
has an ultimate pressure below t0Torr maintained by tWo  ga1rated yield obtained when the ion beam is allowed to
differential pumping sections, ev_acuated by turbomoleculagputter the foil for 3 to 4 h. The saturated yielg] has
pumps. The details of_the expe_nmer_wtal apparatus for Me3ready been shown to be equal to the clean yield (inder
surement of the IIEE yield are given in R¢24]. The appa-  yhe experimental conditions of this wof4]. The forward
ratus consists of forward and backward suppressors biased E%)’ backward f,), and the total IIEE yield 1) obtained
—2500 V, forward and backward collectors biased#®00 o Eqgs.(1) and(2) are shown in Fig. 1. Measured yields as

V, and a Faraday cup, all insulated from one another and ynction of the ion’s atomic number reveal an oscillatory

from the ground. ) . behavior with pronounced maxima and minima. In addition
The total IIEE yield yr) can be experimentally computed  the small hump near atomic number 11, there are maxima

by equating the net charge at the tarfggtto the sum of the ¢ the yield atz, equal to 19, 27, and 44, while minima
incoming and outgoing charge. The backward, forward, anq)Ccur nearZ, equal to 13, 22, 29, and 46. We have also

the total yields are given as follow4]: measured the yield from¥ and CP* as a check of any
incident charge state dependence of the yield. No significant

Qp \— Qs \ difference was observed. However, tig=2 data are

Yb:(Q—FC)Qh '}’f:( )Qf, (1) slightly smaller than the ¥ and CP* data. Nevertheless,

Qe the data fall within the experimental uncertainties of the
yield.
[ Qu)\—, — B In Sternglass’s theor}3], the ion-induced electron emis-
"7\ Qe 9r+(qr—a) also yr=y+vr, (2 sjon yield is proportional to the electronic stopping power

(dE/dX), and the proportionality constant is known as the

. . . ) — material parameter
whereq; is the incoming charge state of the ion, agpds the

mean charge state of the ion after exiting the fQj}., Qy, v
Q;, andQr¢ are the charge collected from the target, back- A= TdE| )
ward collector, forward collector, and the Faraday cup, re- <_>
spectively, for a large number of ions. The total yield can be dx/,
determined by two independent means as seen ifZgln
this way, a check of the internal consistency of the resultsrhe material parameter obtained from the ratio of the present
can be made. The difference was typically less than 0.3% fomeasured yield and the tabulated electronic stopping powers
our measurements. The mean charge state could be det€?5] as a function of the projectile atomic numbet,j is
mined from our experimental result using the following re- shown in Fig. 2. Contrary to the predictions of existing theo-
lation: ries[3,4], A is not constant, but rather oscillates as a func-
tion of Z;. Indeed, theZ; oscillation observed is not corre-
lated with oscillations in the electronic stopping power.
= ( QF(:)qi ' 3) Present results are also in disagreement with those of Clou-
Qion vas etal. [26,27, who concluded recently that for
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140 —— e pm—— tronic stopping cross sections of Fastrup, Hvelplund, and
| eqe2 ~ Sautter as a_function &, show oscillator.y features that are
120 - § a3 . not present in the tabulated bulk stopping power cross sec-
= Total tions [25]. One possible explanation for the oscillations in
100 ©aq=8 . A might lie in the lack of accurate tabulated bulk stopping
g 1 powers for computing\. It may be that the tabulated bulk
geor Qe G Forward | stopping powers do not accurately reveal all the projectile-
PR E~g X i dependent features, such as screening and charge exchange.
;’ 60 - 7 Simultaneous measurement of the yield and the electronic
< 5 1 stopping powers might shed some light on this phenomenon.
ma0r el A projectile nuclear charge dependence of the material
M ] parameter {;,) was noticed earlier by Rotharet al.
20 ] [18,29. They suggested the need to define a true material
parameter independent @f . In the context of the transport
o 20 0 40 50 50 theory [4,13, they have introduced, empirically,
Atomic Number Z,-dependent factor€;(Z,), Cy,(Z;), andC+(Z,) into the

yield equations; thus,

FIG. 1. Forward f;), backward ), and total /) ion-
induced electron emission yields for ions of identical velocity ?’f:A(Zz)(l_B)Cf(Zl)<&) ,
(v=2v,, whereuvq is the Bohr velocity incident on sputter- e
cleaned 50Qug/cm? carbon foils as a function of the ion’s atomic
number ;). Data from TE*, Fe**, Ni*", Ru’*, Ag’", Sn’*
were taken at a pressure ofx1L0™° Torr. The other data were VbZA(ZZ)BCb(Zl)(&) : ©®)
taken at pressures ranging fronx80 ° to 2x 10~8 Torr. Incident €
charge states are identified in the figure by different symbols, while - . L .
the final charge states are distributed with a mean value given i tsufficiently high projectile velocity3 does not depend on

Ref. [36]. 1,Cl and gF were measured with two different incident ~1- In terms of the ,mate”al par,am?ter for protons of the
charge statesqf) to verify the insensitivity of the yield to the S2Me velocity as the ions, the projectile dependent factors are

incident charge state. The solid curve is drawn to guide the eye. 9iven by

1<7,<35 at a high vacuum (I¢ Torr) the material pa- _ Au(Zy) _ M2y _ M2y
rameter obtained using the total yield-{ saturates for PTAL(Z,=1)" " AH(Z,=1)" T A(Z,=1)"
Z,=6. According to the data of this work shown in Fig. 2, (7

the material parameter oscillates oy values well above 6.

Fastrup, Hvelplund, and Sauttg28] had earlier measured According to this model, the parameté€r describes devia-

the stopping cross section in carbon o&B,;<20 ions of tions of the near surface stopping powers from the tabulated

constant velocities u=0.4v,, 0.6%,, 0.9, and bulk values and is claimed to account for several mecha-

1.1vo). Even though their projectile velocities were much hisms such as charge exchange, screening effects, projectile

smaller than those of the present work, the measured eletanization, and even molecular orbital effects.
The paramete€+ as a function ofZ; obtained from the

present work is shown in Fig. 3. The proton material param-
eter used to comput€; was obtained from Meckbach’s
ﬁ%gﬁgﬁlﬁd yield data[30]. Also shown are data from other authors
o | [26,27,29. The data from these authors show a decrease of
C+ with Z;. However, the data from Clouvas al., obtained
at a modest vacuum (16 Torr), reach an equilibrium value
C1+(Z,=6)=0.57, in contrast with the data from Rothard

. ] et al, obtained at an ultrahigh vacuum (10Torr), which
W converge toC(Z;>6)~0.4. Rothard attributes the differ-
i ence in the absolute value Gf; to the strong dependence of
ot r W the electron emission on the surface contamination and struc-
» , ] ture. Our data, obtained at pressures at or below’ Ibrr,
showC+ not to be a decreasing function 8af but rather to
o 10 2 30 s s e have a nonmonotonic dependence &p. The data from
7, Clouvaset al. seem to be close to our average in the interval
6=<2Z,<35. ForZ,>35, while still oscillating, our data show
an increase ofC; with Z;. According to Eqgs(1) and (2),
FIG. 2. Ratio of ion-induced electron emission vyieldg) (o ~ Ct is @ function ofZ, alone, and—contrary to Rothard’s
electronic stopping powersS): A¢=7:/Se, Ap=7,/S., and assessments—no vacuum condition effect that should mani-

A¢=1/S, as a function ofZ,. S, is the tabulated stopping power fest itself on the surface of the target is expected to influence
[25]. The solid curve is drawn to guide the eye. the magnitude oC+.
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e S S S The implications of the results of this work for isobar

—
oM : 1 detection are significant. In order to distinguish between iso-
3 - ] bars differing in atomic number b¥Z, using IIEE, the stan-
2 09 [ _ dard error in the measured atomic numb&r, must be sig-
< Y nificantly smaller than thidZ,. The quantitysZ, is related
~N ol | to the standard error in the yield by
/: =]
N
~ 0.5 | E 5’}’
< _ SZy=7g ®
esese Present work R
Moo 2RiTEen 1 (dzl>
- | Clouvas et al
o
o 10 20 80 40 80 60 It is clear upon reflection that the highest resolutiamini-
Zy mum 6Z4) will occur wheredy/dZ, is largest andy small-

est. Therefore, at the maxima of thevs Z, curve, where
dy/dz,=0, little—if any—discrimination will be possible.
On average,dy can be as low as 1% ofy. With
O(dy/dzl)>2 (e /ion)/atomic number, a resolution of bet-
ter than 0.5% for6Z,/Z, will be expected. Such regions
exist just below the local maxima of the curve. On the other
hand, the expected fluctuation in the electron yield for single
. : X .~ ~events is anticipated to be much larger than the error in the
°_°rT‘p“ted using Eqg1) and(2) is pro_portlonal to the equi- mean. This fact may limit the utility of the proposed dis-
librium mean charge state{) of the ion. Therefore, an ac- qimination procedure. The subject of the statistics of the
curate knowledge of is essential to computation of & Cor- nrocess promises to be a fruitful area for further investiga-
rect yield. Prior to the present work, instead of measuringjy, The issue of the correlation of energy loss, electron

gy, most of the previously reported yield$5,26,27 relied  yje|q and equilibrium charge state is also a potential topic
heavily on a monotonic empirical formul1,32 for q; . for future work.

However, for ions of identical velocityu(=v) incident on
carbon foil, Lennard and Phillipg33] have reported thad;
increases strongly witlZ, with a broad peak a¥Z;~15. IV. CONCLUSION
Similarly, Shimaet al. [32,34,33 reported oscillations of
g as a function oz, for ions of 0.55, 1, and 2 MeV/u with
oscillation maxima occurring for the closed-shell ions. In the
light of these findings aboui;, yields for ions exhibiting
gy oscillations are expected to be in errogjfis obtained by
smooth extrapolation. The authors of this work have investi
gated this effect in a previous repd86]. The results of their
study are reported below.

FIG. 3. The paramete€{(Z,) =A1(Z,)/At(Z,=1) plotted as
a function ofZ,. A(Z,=1) was obtained from the result of Meck-
bach[30]. The solid curve is drawn to guide the eye. The dashe
line is C=2; %2 given in Ref.[27].

Experimentally, the ion-induced electron emission yield

The Z, dependence, that is, the dependence on the inci-
dent ion’s nuclear charge, of ion-induced electron emission
yields has been studied for constant velocity ions incident on
50 ug/cm? carbon foils. Measured vyields as a function of
Z, reveal oscillatory features, some of which are correlated
with similar oscillations in the mean charge stafg)( These
oscillations are also evident in the material paramatethe

The measured mean charge state as a functidy @x- yield divided by the target electronic stopping power.

hibits an oscillatory behavior with a strong peak in the region AS @ consequence of these findings, one must conclude

24<7,<29[36]. Indeed, this is the san#, interval where that the previous IiFeratl_Jre that relied on semiempir@l
we observed the strong peak in the yield. Our projectile vedata may be potentially in error. The absence of peaks in the

locity was lower than the range in which shell effef87] previous data may be a masking artifact of the use of the

reportedly can play a role in the oscillations observed intabulated values which relied on the extrapolated data. By

q;. However it should not be surprising to observe oscilla-tN€ Simultaneous measurementcfand the electron cur-

tions in the mean charge state as a function of the atomif€NtS one is able to make accurate measurements bow-

number, since such oscillations have been observed at mu&Y®"

lower velocities and much higher velocities as well. The ex-

act origin of the oscillations is still controversial and unclear, ACKNOWLEDGMENTS
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