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Energy loss of H* and He™ in Al, Zn, and Au in the very low- to intermediate-energy range

G. Mart]nez-TamayS, J. C. Eckardt, G. H. Lantschner, and N. R. Arista
Division Colisiones Atmicas, Centro Atmico Bariloche, Instituto Balseiro, RA-8400 S. C. de Bariloche, Argentina
(Received 20 November 1995

The energy loss of Bl and He' ions in polycrystalline Al, Zn, and Au films has been determined by the
transmission method in the energy range between 1 and 200 keV. The velocity dependence of the different
projectile-target pairs has been analyzed, as well as the ratio of the energy losses of helium ions and protons in
the different materials. An increase of this ratio toward very low velocities has been observed and possible
explanations are explored. The results are compared with the existing theoretical models and semiempirical
approximations, and observed differences are discu§S&850-29476)08309-§

PACS numbds): 34.50.Bw, 34.50.Fa

I. INTRODUCTION ions that give a good general description of nonlinear effects
on the energy loss of slow ions. However, even in the case of
Energy losses of ions in solids have been extensivelyprotons, some discrepancigd ~25%) subsist, which to the
studied in the high-energy range, i.e., for projectiles fastepresent have not been completely understood. The discrep-
than the Fermi velocity  of the target electrons. This is the ancies refer both to the magnitude and to the velocity depen-
range where perturbation models apply, such as in particulatence of the energy loss. To investigate more completely the
those based on Bethe-Bloch theory and effective-chargphenomenon of the energy loss of light ions we have per-
models. As one goes to lower velocities through the re- formed a set of measurements in an extended energy range,
gion of the energy-loss maximum and in the low-velocity using protons and helium ions under similar experimental
range, experimental data show more and more dispersiogonditions. Measurements have been made for energies rang-
and most of the theoretical descriptions break down, even fang from 1 to 200 keV in elements with different free-
the simplest case of protons. When dealing with He projecelectron densities: Al, Zn, and Au. The measurements for
tiles the uncertainties are even larger. In addition to increaseblelium in Zn fill a complete lack of data in the whole cov-
theoretical difficulties, the experimental data are very scarcered energy range.
in the low-energy range. Another point in this respect is that The measurements were performed by applying the trans-
there are no measurements made in similar experimentahission method, using very thin self-supporting targets, and
conditions covering the whole range from low to intermedi-collecting particles emerging within a small cone in the for-
ate energies for helium ions, and therefore obviously notvard direction. Thus, the method provides forward electronic
either for protons and helium ions simultaneously. energy-loss values that can be easily compared with theory
A useful parameter to compare the energy losses of thedespecially theories not considering the angular or impact-
ions is the ratioR between the stopping of helium and hy- parameter dependence of the phenomgribine data are pre-
drogen at the same velocity. THe values deduced from sented in terms of stopping cross sections fitted to the 200-
semiempirical formulagl—3] are not in accordance with the keV proton values of the Andersen and Ziegler compilation
predictions of newer low-energy calculatiopg5]. Another  [1] by assigning foil thicknesses based on these values.
frequently used source of energy-loss data,stherPprogram
[6] gives — for the elements studied in this woer a target
independent value fdR, which shows a decreasing behavior
with decreasing as proposed in Ref7]. The extended energy range from 1 to 200 keV was ob-
Some experimental works present proton and helium-ionained by measurements performed with two ion accelerators
energy losses measured under similar experimental conddf our laboratory: a low-energy accelerator operated in the
tions since the past decafig-12, but none of them covers range 1-10 keV, and a medium-energy accelerator operated
the interesting range af<<vp. The R values from Refs. from 10-200 keV. The measuring equipment has been de-
[10,12 show a target material dependence. Their values arscribed elsewhergl5,16. A similar experimental setup for
very similar for Al, but different in the case of Au, especially the transmission method was employed in both accelerators.
at the lower velocity limit of their measurements. So uncer-The energy analysis was performed by electrostatic analyzers
tainties about the target dependence even at the velocitiellecting the ions emerging from the target in the forward
covered in these works still exist. On the other hand earliedirection. The angular acceptance wa®.34° at lower en-
[4,5] and more recen{13,14 theoretical developments, ergies and*=0.05° at energies above 30 keV. The energy
based on density functiondDF) and free-electron ga&EG) resolution was 2% at low energies, and 0.5% at energies
theory, provide new models for the stopping of low-energyabove 10 keV. After this energy and angular selection, the
ions were detected with open electron multipliers, followed
by pulse electronics and multiscaler analyzers. The consis-
“On leave from Universidad Nacional de Colombia, Bog@a-  tency of the measurements made with the different machines
lombia. was checked by comparison of the energy-loss values at 10
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FIG. 1. Raw energy-loss spectra of transmitted protons in the

low velocity and the intermediate velocity ranges. FIG. 2. Present data of energy loglid circle$ in units of
stopping cross sections, for protons in Al together with other ex-
keV, accessible to both systems. The matching between thgrimental data and calculated values. The references correspond-
values was in the range af3%. The helium-ion and proton ing to the abbreviations inserted in the figure are Epp. 92,[R&F,
data were obtained under identical experimental condition&reus 82et al. 82, Ref.[10]; Andersenet al. 77, Ref.[1]; Berger
using the same foils for both projectiles. Each data poin®2, Ref.[3]; sTor 95 Ref.[6]; Péralbaet al. 92, Ref.[14]; Nagy
presented here is the mean value using two foils from thet al. 89, Ref.[5].
same batch. The self-supported targets were made by evapo-
ration under clean vacuum conditions on a very smooth plasto collect all data in a single table, the measurements were
tic substratd 17]. To overcome the condensation difficulties fitted, and the results for round energy values are quoted,
for Zn, a very small amount~2%) of Ag was previously except for the first and last values in each column, which are
deposited on the substrdte8]. The effect of this deposit on the actually measured values. For comparison, Figs. 2—7 also
the measured energy-loss values is well below the statisticahow the classic semiempirical values of Andersen and Zie-
uncertainties, as was estimated using tabulated vildesxd  gler[1], Ziegler[2], Berger[3], and the 1995 version of the
previous measurements made at this labordtb@). The foil  sToP program[6]. We notice that Ref{3] does not include
thicknesses were determined by fitting the proton energy-losgalues corresponding to Zn, due to the lack of earlier data in
measurements at 200 keV to the stopping cross section givehe literature. The figures also include more recent theoreti-
by the Andersen and Ziegler tablgs. The resulting thick- cal predictiong5,13,14. For projectile energieE<10 keV,
ness values were between 188 and 231 A for Al, 194 and 208xisting data for He from other sourcgl,27 are included
A for zn, and 120 and 127 A for Au. The foil roughness wasin the graphs. At higher energies we only include newer data
evaluated by a beam technig[E9] (which gives an upper [8-12]; in this case older measurements are indirectly taken
limit) being at most 12%, 17%, and 10% of the mean foil
thickness for Al, Zn, and Au, respectively. The Au foils were
additionally analyzed with an atomic-force microscope, ob- 80
taining a value of 8% for the mean roughness, which is in
good agreement with the upper limit of 10% obtained with
the ion-beam method.

Foil thickening by beam bombardmef20] was held
within negligible limits by using a very low ion current den-
sity of ~10~° A/cm?, and irradiation times of the order of 2
min or less, per spectrum. In this way no change in foil
characteristics could be detected during the time of measure-
ments. The statistical errors of the present measurements are
of the order of==2%.

Figure 1 shows two representative energy spectra of trans- 0 . .
mitted protons, for lowm6 keV) and high(103.9 energies, 0.0 0.5 1.0 1.5 2.0
without any smoothing. The cleanliness of the spectra allows
an accurate determination of the energy loss of transmitted <v> ((:l.u.)
particles.
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FIG. 3. Present data of energy loglid circleg in units of
IIl. RESULTS stopping cross sections, for helium ions in Al together with other
experimental data and calculated values. The references corre-
Figures 2—7 show the results of the energy losses of prosponding to the abbreviations inserted in the figure are the same as
tons and helium ions in Al, Zn, and Au. The collection of in Fig. 2, and additionally: Ziegler 77, Ref2]; Schulzet al. 82,
data is also represented in a compact way in Table I. In orderef. [11]; Arnau et al. 90, Ref.[13].
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FIG. 4. Present data of energy log®lid circles in units of FIG. 6. Present data of energy log®lid circles in units of

stopping cross sections, for protons in Zn together with other exstopping cross sections, for protons in Au together with other ex-
perimental data and calculated values. The meaning of the abbrg@erimental data and calculated values. The meaning of the abbre-
viations inserted in the figure are Exp. Arneiuial. 94, experimental  viations inserted in the figure are Peasteal. 81, Ref.[9]; Blume

data in solid phase of Reff26]; Theor. Arnauet al. 94, theoretical et al. 80, Ref.[22]; Thompsoret al. 80, Ref.[8]; Nomuraet al. 75,
values of the same reference, also for solid phase. The remainirigef. [21]. The remaining abbreviations are the same as in the pre-
abbreviations are the same as in the previous figures. vious figures.

. . . . . the forward direction has been calculated following the cri-
into account by the inclusion of the semiempirical curves Ofterion of Ref.[24]. The largest contribution obtained is 4%,
Refs.[1,2]. ) and corresponds to He on Zn at the lowest velo@t? a.u).

Our low-energy values for protons in Al and Au have pqr g other collision systems and energies the calculated
been discussed in a previous pape8]. The measurements ¢ongribution lies below the experimental errors. In the fol-
of protons in Zn in the extended range have also been angg\ying, special features of each for the three elements are
lyzed before[23]. The comparisons with other data and commented upon separately. As a consequence of the target
semiempirical values do not show a general trend. Each casgickness determinations, based on the 200-keV values from
has its particularities, as we will discuss below. The possibleynqersen and Zieglefl], the following comparisons with

influence of impurities has been evaluated using the data Qf,ese tabulations refer to the energy dependencies rather than
the sTOP95 program. The possible contaminants considereg, ihe absolute values.

were H, N, O, and C. Assuming an upper bound of 10% for
the impurity content, we estimated differences in the mea- A. Aluminum
sured energy-loss values 6f2% in the worst cases.

The contribution of the elastic energy losses restricted t?” An interesting feature of the energy losses of both projec-

es in this element, shown in Figs. 2 and 3, is the propor-
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FIG. 5. Present data of energy lo&mlid circles in units of FIG. 7. Present data of energy loglid circleg in units of

stopping cross sections, for helium ions in Zn together with thestopping cross sections, for helium ions in Au together with other
semiempirical values of Ziegl¢®] (short-dashed lineand thestop  experimental data and calculated values. The meaning of the abbre-
95 program[6] (dashed-triple dotted lineand the calculations of viations inserted in the figure are the same as in the previous fig-
Nagy et al. [5] (solid line). ures.
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TABLE I. Fitted experimental values of energy losses. The datasible uncertainties that could arise from different normaliza-
do not contain extrapolated values. The cases of fractional energig®ns. In the case of helium ions, we find that for

correspond to experimental data and are the first or last values @/<0.35 a.u., the low-energy DF-FEG predictions of Refs.

the respective energy ranges. [5,13] lie ~15% below the data. In the region &% <0.8
the agreement with the calculations [df3] is improved,
Mean ion Energy lossed0™*° eV cm?) whereas in the >1 region the predicted values are clearly

energy  H-Al He™-Al H*-Zn He'-Zn H*-Au He'-Au higher than our data. This last feature is similar to the behav-
ior of the values calculated for protons using similar approxi-

0.75 3.54 3.70 mations(cf. Figs. 2 and B The comparison with the fits of
0.84 4.34 Andersen and Zieglerl] and Bergef3] for protons yields
1.00 4.07 4.40 a7 good agreement at lower energies up to the region immedi-
2.00 5.75 6.62 7.77 ately below the maximum. The fits for helium ions are
3.00 7.22 8.20 10.35 steeper fow=<1.5 a.u. It should be noticed that for this ele-
3.35 9.72 ment, the semiempirical curves of Ziegldr,2] and those of
3.56 11.80 Berger[3] are coincident for hydrogen as well as for helium
4.00 8.08 9.63 10.40 12.40 12.45 projectiles.

5.00 9.16 10.75 11.42 1410 14.27 .

5.34 9.78 B. Zinc

6.00 9.93 1026 1180 1244 1577 1577 The results for this element are shown in Figs. 4 and 5. To
7.00 10.65 11.11 12,70 13.35 17.27 17.08 our knowledge there exist no other data for helium ions in
8.00 11.29 11.82 1355 1422 1855 18.38 thisrange. A comparison of the proton results with other data
9.00 11.92 1253 14.41 1505 19.60 19.74 [26] as well as the possible influence of the normalization

10.00 12.44 1326 15.12 1575 20.66 21.00 procedure was discussed in detail in a previous pap&lr
15.00 14.74 16.40 18.00 1890 2496 26.42 The energy loss for both H and He projectiles follows a
20.00 16.39 18.80 20.05 2162 28.13 3121 behavior approximately proportional to the velocity at low
30.00 18.77 2273 2315 2632 3295 3977 U,and the overall velocity dependence is smooth. We notice
40.00 2040 25.95 2511 3013 36.19 4678 the significantly lower values predicted for He in the low-
50.00 2135 2875 2667 3350 3850 5268 'ange, by the DF-FEG calculation§], as well as by the
60.00 2180 3110 2756 3640 4018 5835 semiempirical formulaq?2] (Fig. 5, in contrast with the
20.00 2195 3331 2795 3890 4144 63.14 much _better_ agreement _found for protons under the same
80.00 2185 3520 2805 4120 4233 67.34 conditions(Fig. 4). In particular fthe low-energy proton da_lta
90.00 2160 3675 2785 4335 4282 7131 show very good agreement with the DF.-FEG calculations
106 00 21'30 38'45 27'54 45.36 43'05 74I84 [5], a}nd also.a reasonable acco_rdance with more recent cal-
' ' ' : : ' "™ culations for intermediate and high enerdigé]. Compared
120.00 2055 4120 2664 4888 4285  80.95 i the measurements in solids of REZ6], our data show
140.00 19.70 4360 2580 5205 4221 86.36 5ygre pronounced maximum. In this case, for which no data
16000  18.75 4570 2505 54.85 4144 90.86 \yere available when the well-known semiempirical fits by
180.00 1781 4775 2429 57.15 4064 9473 Anpdersen and Ziegldi] were established, the predicted val-
200.00 1681 49.57 2362 59.20 39.62 98.26 yes for H" in Zn do not differ by more than 14% over the

202.20 23.56 entire range, whereas the differences for "Hare about
204.20 99.03 twice this value. In the case of tregor-9svalues, the com-
206.60 50.54 parison is clearly worse; in particular, the break in the lines
208.05 39.25 obtained from this progranfboth for protons and helium
210.00 16.35 can be considered to be spurious effects.

tionality with v at low velocities. We notice that in this C. Gold
range, where nonlinear models based on DF and FEG theory The results for H and He in Au are shown in Figs. 6 and
should apply, the calculations for Hof Refs.[5,14] predict 7. In the case of protonéFig. 6), the proportionality with
slightly higher values than the present measureméfits  velocity at lowv does not hold as in the cases of Al and Zn.
2), whereas the opposite happens for helium i@fig. 3.  This deviation from the theoretical predictions has been ana-
The discrepancies are larger in the range of intermediate vdyzed elsewherg¢16]. The origin of this deviation was ex-
locities. In particular, one cannot find experimental evidenceplained by a change with velocity of the effective number of
for a structure in the curve as in the theoretical predictiongarget electrons participating in the energy-loss process. Due
nearv=1.2 a.u.(Fig. 2). This may be an indication that ei- to the closeness in energy of theelectrons to the conduc-
ther the capture and loss models, or the linear approximation s electrons, the former can be excited by protons with
tions used for intermediate velocities in REE4], should be  velocities larger than-0.3 a.u.(threshold effegt
further analyzed. For H* the velocity dependence shows, as in the cases of
In the case of this element the data at 200 keV fromAl and Zn, a smooth passage through the maximum. In this
different tabulation$1,3,25 show a relatively small spread. region we find rather large differences in absolute value as
Reference$l] and[3] give the same values, meanwhile the well as in the energy dependence with some other experi-
data of Paukt al.[25] lie ~3% lower. This limits the pos- mental data and with semiempirical valds3,6], and good
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agreement with the data obtained by Pearce and Faurt 3.97

The accordance with the low velocity data of Blume, Eck- ]
stein, and Verbeelk22] is excellent. In the case of this ele- 5:\ 3.0f Al : ]
ment the known data show a more pronounced spread even L]
at 200 keV. So, when normalizing our values to a more '-<']-' 25| o ]
recent tabulatiof25], they would decrease by 8%, falling ~ /7,5/3/'-/‘,’/'
somewhat nearer to the data of some other authors <o~ M .
[3,8,10,12,21 However, this would not affect the observed T 2-0} — U R
differences in the energy dependence, namely, a more pro- 377 T m== Ziger/Angeren
nounced maximum, and a shift towards lower energies. For < 1.5} _/_/7 ST RZegler

helium ions, stopping values do not show any clear indica- T beareriah

. . . . . . . +—-— Arnau80/Penalba92
tion of deviations from velocity proportionality as obtained 1.0 / ' ' :

for protons. This may be attributed to differences in the scat- 0.0 0.5 1.0 1.5 2.0
tering of electrons by slow protons and helium ions in an

electron gas. Although the maximum energy transferable <v> (a.u.)

Tmax from an ionic projectile to an electron is the same for

both ions at the same velocif,,,=2mv (v +v,), the scat- FIG. 8. Ratios of the energy losses of helium ions and protons in

tering cross section for helium is larg4] and shows a Al resglting from this experiments, and_ a semiempirical
different angular dependenciarger angular dispersions of Z-effec_tlv_e approach for both ions, together with th_er values. The
target electrons An estimate of the threshold effect for he- abbreviationZ; calc. Eq.(3) refers to the values arising from Eq.

lium in Au, made along the same lines as the one for protongg’) considering the mean relative velocity respect to the target

[27] predicts indeed a smaller effect on the velocity depen_electronsR—ZiegIer corresponds to ER), Ziegler/Andersen refers

dence. As shown in Fig. 7, the present data are in goo<t1O gheNvaIu?s lreé}sgl:m?hfrom '?GR@’E’ STOP 95t0 those of Refl6]
agreement £ 8%) with the low-velocity measurements of and Nagyet al. 89 to those of Refi5].

Blumeet al.[22]. One can also observe a rather large spread

of the existing experimental data at intermediate energies/Ve interpret the above-mentioned velocity independence as
with differences of nearly a factor of 2 in certain cagese a consequence of the proportionality with velocity of the
Fig. 7). Finally, we find that the DF-FEG calculations of energy losses of H as well as Hé in this range. Therefore,
Nagy, Arnau, and Echeniqyé] for He give a good fit to the this is the velocity range where better comparison with theo-
present measurements, whereas the corresponding calcuties based on free-electron gas modeiss] may be ex-

tions for H projectiles are not in close agreement. pected.
The data for Au from different authors show an appre-
D. The energy-loss ratioR ciable dispersion. However, the only existing data in the very

The extended range of these measurements allows an i Q\év_sgrireg):arrlﬁgﬂiér?én??nm%as;lgzezs]'V\%Lilcjjgfrgagilﬁgrl\ye-
vestigation of the energy-loss ratiy defined as locities (Fig. 10. As a possible explanation for these higher
dE) / dE) R values in Au at very low energigenhancement effecive

dx He H,

(1) have considered the so-called threshold effect observed for

dx

in the range of velocities given by G =<1.5 a.u. Since 3.5
these measurements have been performed with the same foils 7
for protons and helium projectiles, this ratio can be putin  ~—~ 3 o[ n
terms of the experimental energy losses as \:5
R=AE(He)/AE(H). Ld o5t

Figures 8-11 depict our results. For comparisenjalues i :
derived from other existent datid8—12,21,22 as well as the ~
predictions arising from recent theori¢§,13,14 are in- :‘,]:’ 2.0t
cluded. In the case of experimental data from other sources, Pl / PR o Thisexperiment
we only considered thodR values that can be obtained from < 1.5} ";"” ITTI R
an overlap of the velocity ranges for both*Hand He" in — E::é}fégias(z)
the actual measurementise., not including data based on 1.0 / A
extrapolations of either one of theniFrom this collection of 0.0 0.5 1.0 1.5 2.0
data one can observe the following featur€ly: There is a
tendency ofR to approach a nearly velocity-independent <v> (G.u.)

value for 0.3<v <1.(2) For gold, and to a somewhat smaller
lextent allso_f_or Zn, there is :n |n_crease dm Revalues at FIG. 9. Ratios of the energy losses of helium ions and protons in
ower velocitiesp <0.3. (3) There is a moderate target ma- Zn resulting from this experiments, and a semiempirical

terial dependencel4) The existing semiempirical fits and Z-effective approach for both ions, together with other values. The

theoretical calculations show important discrepancies angdppreviations inserted in the figure have the same meaning as in
fail to predict the behavior of thR values at low velocities.  Fig. 8.



3136 MART[NEZ-TAMAYO, ECKARDT, LANTSCHNER, AND ARISTA 54

3.5 4 y
(a)
N N
T 3.0 T = ]
= = 3
L iy A mmmm
b= 2.5 < — o moaeET
————— — " Al
. - v e _mo-Ec :
™~ - N ol mwmirve Y Y o
o 2 o — 4‘;" /9”;’q,4 . 'IB'I;is exp:rilmggt [0 2 Zn
. e - a ume et al. ]
. - Patas v Eppocher et al. 92 I
- o Kmieeaez = A A tiseperiment
Ll 7 o Thomson et al. 80 (1] 1 L : An th'ls :xpe:;merr:t |
g 15F -7~ ToTT Zedler/fadersen ] < — i W zeftEaiE)
. / rz R- Jieg. = STOPSS — — Zn ZeffEq. 2}
. — — Zeffcdle. Eq.(3) — ==~ Au ZeffEq.(2
/' _— gulgy etﬂsL Eg " —— Nagyetal. 89
-—-— Calc.w.threshol
1.0 : . : 0 .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
<v> (a.u.)

FIG. 10. Ratios of the energy losses of helium ions and protons

in Au resulting from this experiments, a semiempiriZaéffective —_
approach for both ions, and calculations including the threshold T
effect (see text, together with other values. The abbreviations in- E_I/
serted in the figure refer to values from the references specified in = <«
Figs. 6 and 9. ~N
~

Q

xI
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protons in AU 27]. Energy-loss calculations for helium using

the phase shifts values obtained from the DF-FEG calcula- 11 . %E’ZE}E&E}E
tions [4] show a smaller threshold effect as expected from TUT A Zett-BK

the arguments indicated before. Thus, the calculated energy- T e e

loss ratioR shows an increase at lower velocities, as illus- 0 . : :

trated in Fig. 10. The model gives only a fair indication of 0.0 0.5 1.0 1.5 2.0
the enhancement in the values, for velocities where it is

experimentally observed, but it does not coincide in the ab- <v> (°'u°)

solute value of the overall effect. Therefore, we think a more
definitive explanation of this effect should still be attempted. FIG. 11. Ratios of the energy losses of helium ions and protons
The comparison with other experimental data shows an Al, Zn, and Au resulting from this experimentsolid symbol$
good agreement for Al10,12. The existing Au data show and from two differentZ-effective approachesa) semiempirical
important spreads of-35%, in the intermediate region ex- Ze values obtained using E() with v, , and(b) results from the
plored by several other groug8-10,13. Our Au values Brandt-Kitagawa modelZ.yBK), applied to protons and helium.
agree well with those of Ref§9,10]; as already mentioned, The solid lines show the values arising from the DF-FEG calcula-
at low v, the R values derived from the data of RgR2]  tions(Ref.[5]).
show a similar enhancement effect. The data of R2t]
allow the determination of only one value, which is 25% effective-charge concep#,28—34. In this case one gets a
smaller than ours. Looking at the ratios derived from therelation R=(2y,./y4), Where they's are the fractional ef-
semiempirical values of Reffl,2] we can observe that they fective charges {=Z./Z;) for He and H at the same ve-
start at 1 keV with a value of 1.5 (for all these targeysand  locity. To calculatey,, and y, we applied the models de-
increase with projectile velocity. The target-independent unirived by Brandt and collaboratof29—33.

versal curve foR proposed in Refl7] The case of H deserves special consideration. In an earlier
5 o\ 7 publication[30] an effective chargé&(v) for the proton was
. B Myev proposed, which gave a best fit to the stopping power data in
R(v)=1 ex;{ ;0 a In( 2 H ] 2) a large number of materials; however, in later publications

[31,37 the proton charge was fixed to 1, using the argument

(with  a;=0.2865, a;=0.1266, a,=—0.001429, a; that a screened proton would not bind an electron while
=0.02402, a,= —0.01135, andas=0.001475), increases moving through the solid29]. This argument was in a way
even more steeply at low velocities. The predictions ofcontradicted by recent calculatiofis4], based on DF theory
Berger[3] for Al are coincident with those of Reffl,2]. At  for a “jellium” model of the solid, where the proton is re-
low energies théR values for Au in Ref[3] are 13% higher garded as binding up to two electrotethough one should
than those for Al. That is to say, the semiempirical predic-note that the DF calculations are strictly applicable to a sta-
tions for low energies do not show the dependencies with iotionary proton only. We will not discuss here the validity of
velocities nor with target material observed in this experi-these models; however, based on the present data for the
ment. stopping ratios between He and H, we may now rule out the

In order to test another approach for the stopping poweprevious assumptiofi29] that the proton remains bare at
problem, we evaluated th& values following the usual velocities below the stopping maximum. If that were the



54 ENERGY LOSS OF H AND He™ IN Al, Zn, AND Au ... 3137

case, theR values would become much smaller than thosebeen measured in an extended energy range from 1 to 200
shown in Figs. 8—10 fov <1 a.u., following the drop of the keV. In the case of protons this covers both regions of main
helium effective charge. interest: the low-velocity region and the region around the
Based on this evidence, we use here in a tentative way &opping power maximum. The data for helium ions, ob-
description for the proton chargg,(v) similar to that pro-  tained under identical experimental conditions, allow the in-
posed by Yarlagaddet al. [30], and calculate the effective- yestigation of the energy-loss rat®for these projectiles in
charge fractions, andyy, from the Brandt-Kitagaw&BK)  the region around=1, and the unexplored low-velocity
model[32]. Moreover, to calculate the effective charges wey,nge down ta=0.2 a.u. In distinction with the behavior of
have used the mean relative veloctly of the ions with e 'hron0sed universal curve fr[7], which predicts a con-
respect to the target electrons, following the extension P'O%inuous decrease of R values towards low velocities, es-

posed by E_»randt and cqllaboratc{r’_kl,BQ—stz for the case pecially at the lowest velocities, we find a tendency to be-
where the ion moves with velocities similar to, or smaller
come constant fop <0.6 a.u. Moreover, below=0.3 a.u.

than, the Fermi velocity of the electrons. di R b dinth fA
Another representation of the effective-charge approacl”f",‘n unexpected increase Riwas observed in the cases of Au
nd Zn. Some arguments have been explored in order to

which has been applied with very good results in a Iarge"l - - . ) .
number of caseémostly for heavier ions and larger veloci- explain this new effect, but it does not seem possible at this

ties) is the simplest effective-charge description according tgnoment to get a conclusive explanation of the behavior for
the “Betz-approximation”[28]: the three elements investigated.
The existing theoretical models to describe the phenom-
av
l—exp —
p( f?g)

3) enon of energy loss of light ions in metals, in the low- and
which is based on scaling properties derived from th

intermediate-energy ranges, are still unable to describe in a
satisfactory way the data obtained for protons and helium

statistical-atom picturg7,28], for an ion with velocityv and

atomic numbeiZ,; (with a fitting parameter=0.95). Fol-

Sons in Al, Zn, and Au, under equal experimental conditions
over an extended low-energy range. It seems that further
. . . . . theoretical efforts should be made to provide a description of
lowing E_>randt S argument{Bl—Sa we .W'" repla_ce in this the differences between the stopping coefficients of ions in
expression the ion velocity by the relative velocity, . We . i, .

o : these metals. The semiempirical energy-loss tabulations and
show in Fig. 11b) the calculatedR values using for H and fitting formulas derived from higher-energy data do not
He the effective chargedgx emerging from the BK model 9 9 gy
[32] (where the ionization degree for the proton is obtaine
from Ref.[28], and the relative velocity, is used, and in

faree with the present measurements for lower energies, ex-
cept for protons in Al. For practical purposes, the extension

Fig. 11(@) we show similar comparisons using the simplestto Iow velocities of the semiempirical approximation for the

effective-charge approximation of Eq@3) (also with effective charge, E(), using Brandt's ansatz,—v,, pro-

v—v,). These approaches, although quite phenomenologicifde reasonable estimations of the energy-loss ratios in Al,

at this point, give a fairly good representation of the experi-Zn, and Au, down to velocities of 0.3 a.u.

mental stopping ratioR for lower v values ¢<1.3 a.u), In summary, the present energy-loss data, from simulta-

particularly the simplesZ . model, Eq.(3), with v—uv,. A neous measurements with hydrogen and helium ions, provide

rather light target-material dependence results, quite similanew tests for theoretical models and semiempirical predic-

to the experimental one. The stopping rafidsebtained from  tions in the range of low and intermediate velocities.

this model approach constant values in the very low-velocity

limit. The density functional calculations for a free-electron

Zef(v) =24

gas[5], which give a velocity-proportional energy loss, pre- ACKNOWLEDGMENTS
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