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We present measurements and calculations of electronic stopping of protons and deuterongas ki
solid) in the range 15-650 keV/A. The measurements were performed by transmitting the ion beam through a
vapor cell containing solid and gaseous Mg in thermal equilibrium. In order to get absolute values of the
stopping cross sectios) the experimental gas data were normalized by the requirement that the experimental
phase effech =g 3,5~ £50ig—With the e for metallic Mg from Bergsmanf1998— is equal to the theoretical
valueAey, at a reference energy of 400 keV. We have used a Hartree-Fock-Slater description of the Mg atom
and the first Born approximation to calculate excitation and ionization of Mg in the gas phase and the
ionization of the inner shells of solid Mg, while the valence electrors) (& solid Mg are described by a
free-electron gas. Charge-exchange processes are explicitly taken into account to estimate both the equilibrium
charge state fractions and the energy loss in charge-exchange processes, as required by our charge state
approach. We obtain a pronounced phase effect of up to 70% at 20 keV. Theory and experiment coincide
within the experimental uncertainties in a wide energy range; systematic deviations occur only at low energies
where the linear model breaks down.

INTRODUCTION target that contains just one chemical element, since for any
compound it is much more difficult to separate the phase
In studies of the interaction of ions with matfethe elec-  effect clearly from chemical state effects that appear as a
tronic stopping is an almost omnipresent quantity. It is com-onsequence of the chemical bonds.
mon to characterize the energy loss in a collision of an ion I @ previous study we have investigated the phase effect
(atomic numbeiZ,) with a target atonfatomic numbeiz,)  for Hions in Zn>and found a rather pronounced gas-solid
by the stopping cross sectianthat is defined as the sum difference of up to 50%. The magnitude of the phase effect

over all possible energy transfefsweighted by the corre- Was explained theoretically py tgking into account the vari-
sponding cross sectiotir ous charge states of the projectile, the various valence elec-

tron states, and the screening of the projectile field in the

solid.
s=f Tdo. (1) The electronic structure of Zn is rather complex
([Ar]3d1%s?), and at the stopping-power maximum at least
Equation(1) includes target excitation and ionization, pro- 12 electrons contribute effectively to the deceleration pro-

jectile excitation, and charge exchange of the projectilecess' Inthe_present study, we investigatg the phase gffect for
(electron capture and loss an electronically less complex system like an alkali or an

In the gas phase, the ion-target interaction is due to thé\lkgli—garth element. Na has one valence electron with an
interatomic potential that depends strongly on the atomidonization energy of 5.1 ,eV’ W,h'le, '\"9 has two valence elec-
charge<Z, andZ, of the collision partners and on the states fons and a somewhat higher ionization enefg ev). We
of the electrons bound to the projectile. In a metal, howeverqec'ded fo use Mg as a target, becau;e Itis fT‘”Ch less reac-
the interaction is strongly influenced by the screening of thé've than Na. As compared to t_he heavier a!kah—earth metals’
intruder charge by the conduction electrdrEven in large Mg .has_ the advant:_;xge of hav!ng Igss mglnple scattering re-
band-gap insulators, the band structure has been found to ﬁgltmg in a rather high transmitted intensity at low ion ener-
so strongly perturbed by the ion that the band gap has nd'€S- AS compared to Zn, for Mg a larger phase effect is
influence on the electronic stopping at low ion velocifles. _exp_ected for Mg due to its lower excitation energy. As pro-
The intrinsic difference between the ion-atom interaction in/€Ctiles we selected H ions.
the solid and in the gas phase leads, for a given ion, to a
dependence of the stopping cross section on the state of ag-
gregation of the material. A mass and energy selected beam of H i¢m®tons or

As a quantitative measure for the gas-solid phase effectjeuteronsin the energy range 40—700 keV is obtained from
we define the differencle = 4,5~ £50iiq, Where the suffixes the Van de Graaff accelerator AN 700 at the University of
refer to the specific states of aggregation. We stress that tHeénz. The energy loss measurements have been performed
pure phase effect can only be investigated in the case of asing the setup ACOLITAApparatus for Collisions of Light

EXPERIMENT
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FIG. 1. Design of the vapor cell used in the experiment.

lons with Target Atomswhich is a UHV system that per- cell, and to avoid an unknown vapor pressure due to oxide
mits energy-loss investigations in gaseous and solidayers at the surface of the Mg metal granules in the reser-
targetsS~® Part of this setup is a vacuum chamber, whichvoir. The energy-loss experiments were then performed us-
contains all the equipment needed for the production of théng the vapor in thermal equilibrium with the solid Mg sur-
metal vapor. Special emphasis was put on protection of théace.

apertures of the vapor cell and of the parts surrounding the We note that due to the high vapor pressure at 650 °C
cell against deposition of the vap@ee Figs. 1 and)2 (about 10 mbanseffusion out of the vapor cell and conden-

The vapor cell is made of stainless steel and is of cylin-sation of the vapor at its colder parts, like the apertures, are
drical shape with an inner diameter of about 40 mm and anontrivial problems, which were overcome by use of the in-
length of approximately 300 mm. In order to separate theeraction tubgsee above Due to the high temperatures, the
ion-vapor interaction zone from the reservoir of metal, thelarge amount of hot Mg involved in this experiment and the
vapor cell contains an inner cylinder with a diameter of 10long heating cyclestypically a couple of days in a ryrwe
mm, and large openings towards the vapor cell for the vaporun the vacuum system under computer control. A process
atoms to enter and leave the interaction zone. At its ends, theomputer reads all the relevant input data like pressure, tem-
interaction tube has apertures to let the ion beam pagserature, status of valves, etc. In case of any disturbance the
through the cell. The apertures have a diameter of 3 mm anldeating of the vapor cell would have been terminated and the
a length of 30 mm. Since the ion beam has a diameter ofooling of the oven by dry Ngas be activated without
about 1.5 mm, the adjustment of the vapor cell with respecbreaking the vacuum.
to the beam is easier and the effusion of Mg vapor is reduced The energy-loss measurements were performed in the fol-
more efficiently, than with a thin aperture of the same diamdowing way: at a constant vapor density the ions at all re-
eter as the beam. The interaction tube is thermally isolateduired primary energies were transmitted through the vapor
from the vapor cell by ceramic supports. Thus it stays atand their energy was measured after backscattering from a
somewhat higher temperatures than the cell, when coolinthin Pt markerion carbomn by means of a Si detectoPIPS.
the system. In thermal equilibrium it has the same tempera¥Fhis procedure requires a very precise and reproducible set-
ture as the vapor cell. This design efficiently prevents theing of the primary energy of the ion beam, with an uncer-
condensation of metal vapor in the region of the apertureainty that is small compared to the energy loss measured,
(see Fig. 1 which is of the order of 1 keV. In a systematic study we

The vapor cell is indirectly heated by a cylindrical oven investigated how reproducible the energy setting of our ac-
made of copper and heated by commercial heating elementelerator is within one day, and found it better than 50 eV at
(Turk-Hillinger, HLP 120019. This design has the advan- low energies. At high energies, the relative uncertainty is
tage of a rather homogeneous heating of the cell, but unforbetter than 104, if done properly. This is sufficient for our
tunately the heating elements turned out to be suitable fopurpose. We estimate that 200 é¥cluding primary energy
UHV only to a limited extent. The vapor cell can be alignedand peak evaluatioris a conservative guess for the uncer-
in situ with respect to the ion beam, by means of lineartainty in our energy-loss measurements. The reproducibility
motion feedthroughs attached to a pair»yf manipulators  of setting the vapor temperature is believed to be of the order
carrying the ends of the vapor célhez axis being the beam of +0.2 K. The absolute value of the vapor pressure is lim-
direction.

The temperature of the vapor cell is measured using three VAPOR TRAP
mantled thermocouples, mounted at the entrance, the cente T S T drrg \ SHOTER
and the exit position on the outside of the vapor cell. The
density of the vapor is obtained from the thermocouple read- |
ings using the vapor pressure cuhand the ideal gas equa-
tion. The temperature of the vapor cell is kept constant by
means of a computer contfdf to within 0.2 degrees. The
range of areal densities used for the energy-loss measure
ments (typically 10'°—10"" atoms/cm) corresponds to tem-
peratures of 490-575 °C, well below the melting point at i ;
650 °C. The first step after outgassing of the material was tcBEAMLINE e BEAMLINE
heat the vapor cell to temperatures well above the melting
point, in order to have reproducible conditions, i.e., a homo- FIG. 2. Vacuum system containing the vapor cell and the con-
geneous Mg distribution on the inner surface of the vapodensation traps.
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FIG. 3. RBS spectra of the Pt marker f@ 390-keV protons linear fit to the experimental data.

and (b) 70-keV deuterons without Mg vapor and for various areal

vapor densitiegsee inserts . L
at positve values indicates a reduced energy loss at very low

ited by the calibration of the temperature reading and thjj;nsities, due to i.mpact parameter selection in that regime.
accuracy of the vapor pressure curve, which altogether lea e stress the PO'”t that our procedure to evaluate_ the stop-
to an uncertainty of about 20% for the Mg areal density. pINg Cross s_ectlon from the slope Of. thE(nL) I

In Fig. 3 we show the Rutherford-backscattering spectros‘:"ffeCted by impact parameter selection, which only occurs at
copy (RBS) spectra for 70-keV deuterons and for 390-keV densities much lower than those used in the present experi-
protons for various areal densitied. of the Mg vapor(n ent. . : .
denotes the Mg density aridthe length of the vapor cell Our experlmen_tal results for the_stoppmg cross section of
The mean positions of the peaks yield the energy losM9 vapor for H lons are shown mf;g. 5.m;'he ;toppmg
AE(nL). Absolute stopping cross-section data are then obMaXimum has a height of about 810" eV cnt, which is
tained as the ratio of the energy loss and the vapor density,

AE/nL. In our case, the uncertainty of the vapor density g “40f ' — ]
(20%) is too large to permit absolute measurements of suffi- ;’ 35 E H', D'-> Mg gas E
cient accuracy. Therefore we determine the stopping cross- © .

section values from the slopes of the linear fits to e o X ]
data versusiL for each primary energgsee Fig. 4. In doing % 25E 3
so, we make use of the high precision of the thermocouple -8 : ]
reading. In this way, we obtain the energy dependence of the § 20¢ ]
stopping cross section with a precision of typically 7% and ¢ 15t B ogermentD’

fix the absolute value such that the measured phase effect g i o amenta s

equals the calculated one at the reference energy. As a ref- o 10F ]
erence we have chosen the stopping cross set8@9 of 5 5L
400-keV protons as shown in Fig(ad as a compromise 15 : . ]
between sufficiently high energy to make the theoretical val- @ % 25 50 75100 250 500 750

ues reliable, and sufficiently low energy to have good experi-
mental accuracy. Figure 4 further shows th&(nL) data

for 70-keV D™ projectiles. This data set is again well fitted  FIG. 5. Experimental results for the stopping cross section of
by a straight line. The fact that the fit intersects the abscissa™ (circle§ and D" (squaresions in Mg vapor.

Energy / Nucleon [keV]
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quite different from the characteristics of the stopping maxi- = 100 '
mum of the solid Mg, where the height of the stopping maxi- = . gas .- i
mum was foun#'? to be 21x10 ®eVcn?. Note that the © g4l AN |
deuteron data and the proton data are consistent in the ove & N
lapping energy range within the combined experimental er—g solid
rors, giving further confidence in the experimental proce-g 60 i
dure. £ X
£ a0} .
THEORY K
2 o, . R _
A crucial point in our approach is an accurate description & 20
of the charge state distribution. The screening due to an elec®
tron bound to the projectile implies a large difference be- 0 . :
tween the SCS of a proton and that of a neutral hydroger 10 20 40 60 80 100 200
proton energy [keV]

projectile. The difference is even larger in the gas phase.

Details of the theoretical model are given in Ref. 5 and only kG, 6. Equilibrium charge state fractions for protoss.() and
briefly summarized here. for neutral hydrogen®,) for the solid and the gas phase of Mg.
The Mg atom has a simple electronic structure consisting
of a Ne-like core plus two 8 electrons in theM shell. We  dynamic Auger process in the electron §&he MgL shell
describe the electrons of the Mg atom within the Hartreeelectron capture by protons is calculated in the CDW ap-
Fock-Slater(HFS) approximation® and calculate their exci- proximation. Finally, the contribution of the Mg lattice of
tation and ionization by protons using first born approxima-Mg?* ion cores to the loss cross section has been estimated
tion (FBA).** For the neutral hydrogen fraction we also by scaling the Al data from Ref. 2.
account for the screening by the bound projectile electron. ~ The total stopping cross sectieris obtained as a sum of
In the solid phase the Mg outer shellq)3electrons form  partial SCSg;, weighted by the corresponding charge state

a band that we describe by a free-electron-like modgl ( fractions®; plus the contribution of capture and loss pro-
=2.7) including electron hole pair and plasmon excitationscesses €. |):

The inner shell electron contribution to stopping is calculated
in FBA for the HFS atom as if it were in the gas phase, but
using the correct relative energy level position and neglect- 822 Oi[eiteicil] )
ing the excitation channel, i.e., including only ionization.
For Mg gas, we calculated the equilibrium charge state
distribution of protons using the experimentally measured RESULTS AND DISCUSSION
H —-17
capture ¢c) and loss ) cross_sectlon%ri Thgse cross In Fig. 6 we plot the equilibrium charge state fractions of
sections were also used to estimate the SCS in charge ex- Ce
i protons and neutral hydrogen atoms traveling inside gas and
change processes {;) assuming mean values for the tran-

sition energy in captureT,) and loss T,) processes. The solid Mg targets, as a function of projectile energy. Over the
relative weight of the different Mg orbitals in the total cap- entire energy range the mean charge state of the projectile is

ture cross section was evaluated with the help of the co lower in the solid phase. This is primarily due to the restric-

) : T i "fion in the number of unoccupied available states in the
g{gunu(rﬂcjst?srted waveCDW) approximatiori:® The expres electron-loss process when the target is the solid, where the
c,l

3s electrons form an extended valence band. As a conse-

_ _ guence the value of the electron-loss cross section is lower in

£c1=2 ou T, (2)  the solid than in the gas phase. The capture cross section

: does not differ too much between the two phases. The tran-
where the sum oveirruns over all possible capture and loss Sition from a pure proton beafat high energigsto a beam

channels and the mean transition energies considered are Predominantly composed of neutral hydrogen projectiéts
low energiegis slower in the solid phase.

TO=AE{+ imo?, ©) We plot in Fig. 7 the theoretical SCS for hydrogen pro-
jectiles in Mg gas as a function of the projectile energy. We
T)=—Ex+Eq. (4)  also represent in Fig. 7 the contributions to the SCS from

_ _ each charge state and from the capture and loss of electrons

Here, AE{)=E,— E{), is the difference between the binding by the projectile. The shape of the total SCS is mainly de-
energy of the hydrogenslorbital, Ey;, and the HFS binding termined by the SCS of the proton fraction. It presents a
energy of the Mg orbital, E{);. v is the projectile velocity, maximum value ofe=32.1x10 ‘5eVen? at a projectile
mthe mass of the electron, akg, is the mean energy of the energy of 40 keV. At energies below 100 keV the main
electron in the continuum state. contribution to the SCS is thes3-3p excitation of the Mg

For the solid phase, we calculated the capture and losstom. It amounts to roughly 80% of the total SCS at 100
cross sections, as there are no experimental data availabteV. The F—3p excitation is a dipolar transition with a
except those affected by surface effetdhe 3s electron  low transition energy3.3 eV in our HFS calculatiorand a
capture by the moving proton as well as the loss process duarge cross section. When the projectile energy decreases and
to the interaction with valence electrons are described as the predominant charge state is neutral hydrogen, the capture
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FIG. 7. Theoretical stopping cross sectiorior hydrogen pro- 6 r

jectiles in atomic Mg, as a function of projectile energy. The tetal
(labeled “total”), the partial stopping cross sections of the two
different charge statd$abeled H and H, respectively considered

in this work and the contribution due to charge exchatigbeled
c-1) are shown.

L-” 3s - solid
3
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of electrons by the projectile shields the long-range Coulomb
interaction with the target electrons and the SCS decrease: § L
In spite of its small cross section the contribution of electron § “t L - shell - solid
capture to the SCS is still present at high energies, due to th 8

large transition energy involved. o
Figure 8 shows the theoretical SCS and the different con- & 0 L
tributions to it for hydrogen projectiles in solid Mg. The g 25 50 75 100 250 500 7501000

shape of the total SCS is again determined by the SCS of thi projectile energy [keV]

bare ion fraction. However, by comparison with the gas

phase, the curve is less peaked, with a smaller value at the FIG. 9. Comparison between the theoretical stopping cross sec-

Maximum € ma=18.9x10 ®eVen? at 70 ke which is  tion e of bare protonga) and neutral hydrogen projectiléb) in

displaced towards higher energies. Two factors contribute t§0lid and gas Mg targets, as a function of the projectile enérgy

this behavior: the shape of the charge state distributee keV). Two different mechanisms for the projectile energy loss are

Fig. 6) and the smaller differendén relative termsbetween con_sid_ered: ex_cita}tion 'and ionization of the Mg 8lectrons, and

the SCS of protons and neutral hydrogen atoms in the soli§Xcitation and ionizataion of the Mg-shell electrons.

phase. The screening of the proton by the Mg valence band ] ] ]

electrons reduces the probability of exciting electrons in the !N Fig. 9 we plot the stopping cross sections for protons

medium. and neutrals in both phases. The contributions fioshell

andM shell electrons are shown separately. Trehell con-

T . tribution is essentially the same for the two phases, both for

H o solidMg 1 protons and hydrogen, except at very low energies where
total excitation and low-energy ionization play a role. However,

........... ‘_ the M shell contribution is quite different at low energies,

R especially for protons. It reflects the different range of inter-

action in the gas and in the metal, as well as the different

screening. The measured phase effect is, however, smaller,

since the fraction of protons decreases at low energes

n
o
T

-
(4]

stopping cross section ¢ [10"° eV cm?]
=)

/ Fig. 6).

5 _/," . In Fig. 10 we present the theoretical SCS in the solid and
e H° | in the gas phase together with the experimental data. Let us
........... Cl o Tmmeee discuss theory first: the calculated SCS is larger in the gas

0 0 75 100 50 w00 7e01000  Phase, with a difference reaching a factor of two at low pro-

jectile energies. The phase effect is mainly due to the dy-
namic screening of the projectilespecially when it is a bare
FIG. 8. Theoretical stopping cross sectietior hydrogen pro- ion) by the Mg valence electro_ns in the s_ol|d_ phase. This is
jectiles in solid Mg, as a function of projectile energy. The tatal €specially true when the dominant contribution to the total
(labeled “total”), the partial stopping cross sections of the two SCS is excitation and ionization of the Mg &lectrons, as
different charge statetabeled H and H, respectivelyconsidered ~ can be seen in Fig. 11, in which we plot the phase effect and
in this work and the contribution due to charge exchafigbeled  the contribution to it coming from excitation and ionization
¢-1) are shown. of the MgM shell. Figure 11 shows that the phase effect can

proton energy (keV)
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FIG. 10. Theoretical stopping cross sectiofor hydrogen pro- FIG. 11. Phase effectg.s—es0iq, for hydrogen projectiles in

jectiles in solid Mg(long dashed lineand in Mg gagsolid line), as Mg as a function of the projectile energy. The experimental phase
a function of proton energy, together with experimental data. Oueffect is represented by a dash-dotted line and the theoretical one by
present experimental data for the gas pHask circles) are shown @ solid curve. The contribution to the phase effect due to excitation
together with the data for the solid phase from Refoen squargs ~ processes of the Mgs3electrons(dashed lingis also shown.

and from Ref. 124 +).

In Fig. 11, the experimental phase effekt compares

. . . . . favorably to the theoretical one, with excellent agreement for
almost entirely be explained in terms of the difference in the y g

RN .energies above 170 keV. Around 35 keV, theory overesti-
I\_/Ig vlalence_-bele_ctron cogtnbt;tlon mﬁ:[he two phasez. lf‘dd;;mates the phase effect by about 25%, due to the fact that for
tional contributions to the phase effect are caused by t ) ! : :
difference in the charge states of the projectile in both phase&e gas phase theory stays in accordance with experiment

d by the diff (t i involved in th i own to lower energies as compared to the solid phase.
ana by the ditferent transition energy Involved in the capture — a high energies the stopping cross sections in both
and loss processes.

Let now compare experiment and theorv: In Fig. 10 phases converge to the same value. In this regime, inner-
€l us now compare experiment a eory: 9- Wshell excitations also represent a significant part of the pro-

W;. dpresgnt ;ge ntivg %6;2 f?:)r';]heRge?s p8ha;re|6 afzd' g;”ﬁqgctile energy loss and solid-state effects become less impor-
solid, ‘we -Show ' S : %ant in two respects: first because screening of the projectile

parml? trt]eory s etx.petrrl]ment for the SOI'gop%%SOe’kv‘ﬁ fT'?] y the target electrons is not so efficient, and second, because
excellent agreement in the energy range 79— ev. Mhipe energy loss depends on the number of target electrons

indicates that the theoretical model is adequate, since thr%ther than on their initial orbitals. TheB/dependence of

experimental data for the solid are absolute ones. For the 988e phase effechs is expected to hold also at high energies
phase, the agreement between theory and experiment is e Sethe regime

cellent over an even wider energy range, i.e., 30—680 keV. . : . . .

- o This experimental and theoretical study yielded detailed
Since the ncz(reg;?llzatlon of th(gxg)as data at 4%% kev was dongormation on the phase effect in Mg and a thorough under-
by setting egas (390 keV)— &5 (390 keV)=£(390keV)  granding of the underlying physical processes. On the basis

gas
_ o (th ; . . .

£50id(390 keV) (see experimental paytthe perfect agree- f this knowledge, one can deduce information on any other
S&stem of interest, with a high level of accuracy.

ment between experiment and theory for the solid phase al
leads to agreement for the gas phase at this specific energy.
The excellent agreement of measured and calculated gas data
over such a wide energy range makes the normalization of
the gas data trustable and it further supports the theoretical This work was partly supported by the Austrian Science
model. At very low energie$70 keV for the solid and 30 Fund, under Project No. P9748-PHY, by Eusko Jaurlaritza,
keV for the gas phagethe theory fails to describe properly Euskal Herriko Unibertsitatea, Gipuzkoako Foru Aldundia,
the experimental data, due to the breakdown of the lineaand the Spanish D.G.E.S. One of (B.B) expresses his
theory (first born approximation in calculating cross sectionsgratitude for the kind hospitality in the group in San Sebas-
for the gas phase and dielectric response for the )solid tian.
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