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Cross sections for electron loss of Hand G projectile ions on atomic and molecular hydrogen were
measured in the 0.5-Me¥E=<23.5-MeV energy range. The measurements ofd:hze/aH cross section ratios
were made by using an absolutely calibrated hydrogen furnace. The influence of different models describing
the form factor of molecular hydrogen is examined by means of the nalzidaH, which is sensitive to the
model adopted, particularly in the case of ‘Hprojectiles. The general behavior of the measured data is
analyzed within the independent electron approximation including the electrofstosgning and antiscreen-
ing contribution$, electron capture, and target ionization channels. The connection between the antiscreening
mode and the electron impact ionization of multicharged ions is explp8d50-294{®8)04008-6

PACS numbds): 34.50-s, 34.70+e, 52.20-j

. INTRODUCTION among them. For example, the Heelectron loss data of
Hvelplund and Andersef6] and the Hé electron loss data
In recent years, a considerable effort has been spent tf Shahet al.[7] were normalized by the Hé capture data
organize and understand the basic ideas and concepts relagdshahet al. [8], which, in turn were normalized by abso-
to dynamic electron-electron correlations in atomic CO||iSi0nS|ute electron Capture measurements by protons of McClure
[1-5]. Dynamic correlation involves multiple electronic tran- [9]. A similar scenario holds for €, another projectile
sitions, and the understanding of these correlations, whestudied in this work.
many electrons participate, is difficult both from the theoret- Due to the practical impossibility to obtain pure atomic
ical and experimental points of view. For that reason, there isiydrogen targets, absolute measurements involving H atoms
a demand for studying simpler collision systems, where thesare performed by means of the measurement of the ratio
correlations are restricted to two-electron transitions. In th&THZ/UH- This ratio also explores the differences in electron
case of one-center correlati¢tt], where the two electrons |oss due to the molecular nature of When compared with
are associated with one of the collision partners, collisions of.
bare ions with He targets are the natural choice to study this Meyerhofet al. [10] showed that the FHimolecular form
kind of correlation. In the case of two-center correlatiphls ~ factor affects in different ways the screening and the antis-
where each one of the two electrons is associated with eaatreening contributions to electron loss. The ra:ti,q)zlaH is
collision partner, collisions of one-electron projectiles with particularly sensitive to the way in which the interference
atomic hydrogen are the most convenient systems to limit theaused by the two nuclei of the,Hnolecule is modeled by
correlation to two electrons only. This is an important virtuethe calculations. This sensitivity of the electron loss cross
of atomic hydrogen targets, not mentioned in the literaturesection to the molecular form factor is enhanced for light
Indeed, atomic hydrogen has been used mostly to study coprojectile ions, such as the Hestudied in this work.
lision systems without or ignoring dynamic correlations. A further step in studying two-center electron-electron
One important feature of the two-center correlation assoeorrelation is to consider this interaction when other collision
ciated with electron loss, also called antiscreenBlgis that  channels occur concomitantly. This happens in collisions in-
it has an effective threshold at intermediate velocities, whichvolving multiply charged ions and neutral targets, a situation
makes measurements in the intermediate-to-high velocity reexplored in this work by using € projectiles. In the colli-
gion essential to study this mechanism. However, there arsion regime studied here, essentially only treee®ectron of
very few experimental data with atomic hydrogen targets inthe G ion is active and, from this perspective, this system
this velocity regime with even less absolute measurements similar to He +HC, with only two active electrons. How-
ever, electron capture becomes relevant ff @rojectiles,
requiring two-step processes, such as capture-loss, to be con-
*Present address: Instituto désiér, Universidade Federal Flu- sidered in the intermediate-velocity regime. As a conse-
minense, Caixa Postal 38071, NiteB2452-970, RJ, Brazil. quence, the theoretical analysis becomes more laborious
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and charge-exchange collisions in the beam line which is

kept at a pressure below 19 Torr. After passing through
the gas chamber, which houses the atomic hydrogen furnace,
the emergent beam is charge-analyzed by the analyzing mag-

detection S .. i
gaseous chamber net and impinges on they position-sensitive channel-plate
chamber — detector placed in the detection chamber locatedl.5 m
B downstream. This detector also allows a proper spatial sepa-
ration of the spurious beams split by the cleaning magnet. To
obtain a clear separation of the spurious beams when the

: gallel furnace MCP X-Y atomic hydrogen furnace is Worki_ng the main beam must be
gaseous plates properly focused in order to obtain a small spot size on the
\ stripper lean x-y detector. The high electric current of the furnace de-
switching Cr::n ::;f analyzing forms the beams passing through the gas cell and signifi-
stabilizing magnet g magnet cantly enlarges the spot sizes in tkey detector compared
slits colimators with those obtained with the furnace off. Although the re-

FIG. 1. Sketch of th imental ¢ th h sults for electron capture are not reported here, this channel
>- L. SKetch of tne expenimental arangement, the gas chany a5 also measured to correctly account for the conservation
ber with the hydrogen furnace is in the inset. . o . . .
of the particle flux. This is an important point mainly for
C3*, where electron capture is a major charge-changing

compared to the He case. The independent electron ap-channel for this projectile

roximation(IEA), which has been successfully used in sev- _ . Lo
P (EA) y The furnace design as well as its absolute calibration are

eral collisions systems and at different velocity regirf@ls . ; s )
is used to interpret the experimental data. From this analysi§escribed in greater detail elsewhgtd] and only the major

the possibility to make a direct comparison between meaPoints of _the setup and calibration _procedure are recalled
surements of electron loss and of electron impact ionizatioR€re(See inset of Fig. J1 The furnace is made of a tungsten
of multiply charged ions is shown, building a bridge betweensheet 0.025 mm thick, 8.0 cm long and 3.7 cm wide rolled in

these two apparently dissociated branches of atomic@ tube-shaped form with 5.3 mm external diameter which is
collision physics. held at the ends by two molybdenum caps. The later are held

This paper is organized as follows: in Sec. II, the experi-Py two water-cooled copper pieces which provides the
mental arrangement and procedures are described and tREPPer refrigeration of the furnace, as well as allowing a

measurements are presented. In Sec. IIl, the experiment@¥iPPly of 110 A ac electric current to heat the tungsten tube
ow,/ oy ratios for electron loss are compared with variousP to 2600 K. The large radiative heat transfer from the

theoretical approximations, taking into account the screenintungSten cell to the surroundings causes thermal desorption
>al appr 1S, taKing $om almost all surfaces in the gas chamber. Careful surface
and antiscreening contributions to the fbrm factors. In

Sec. 1V, the interconnection between electron loss and ele cleaning and efficient vacuum pumping is thus needed to
o S L (f<eep the system clean of impurities during the furnace op-
tron impact ionization is discussed for Heprojectiles. In

i eration. During normal operation, at 2600 K, the pressure
Sec. V, the measured cross sections fof €lectron loss are in the gas chamber was kept below £.00°® Torr or

compared with theoretical calculation based on the IEA, CONz 5106 Torr, without or with H, feeding, respectively.

sidering the screening and antiscreening contrlbgtlo_ns .tcfhe molecular hydrogen is fed into the center of the tungsten
electron loss, as well as the electron capture, target '°”'Zat'°8e|| throuah a second tunasten tube with 2 mm diameter and
and transfer-loss channels. In Sec. VI, a summary of theé 9 9

work is presented ventually ma](es a Qissociative reaction with thg hot walls of
' the cell. The final mixture of H and Hn the cell is a result
of the balance between the dissociation and recombination
IIl. EXPERIMENT processes in the confining hot walls.

A general sketch of the experimental arrangement is Since thg recor_nbinatio.n. process cannot pe eliminated
shown in Fig. 1. Singly-charged Heor C* beams with completely in practice, coII|S|o_n expenments_usmg this type
energies between 0.5 and 3.5 MeV are delivered by th&f furnace have to be done ia H plus H mixture. As a
4-MV Van de Graaff accelerator of the Catholic University consequence, the relative number density of both gases along
of Rio de Janeiro. After being charge and energy analyzedh€ projectile beam path needs to be known and only the
the selected beams enter the experimental line through tH&tio between the cross sections for H andtégets can be
switching magnet. The higher charge staf’ ®eams are ©btained in this kind of measurement. _
obtained by a gaseous stripper placed just before the switch- The procedure used.m th.e calibration, as well in the mea-
ing magnet. The He He', and G* beams are collimated Surements performed in this work, are bas.e.d on the two-
by a 0.2-mm-diameter aperture, pass through an electrostafigmperature method 1,12. For a generic collision channel,
deflector, a cleaning magnet, and enter the scattering char1e corresponding yields &fi,=1400 K, when only H is
ber. A 4-kV/cm electric field is applied in the electrostatic Present, and al =2600 K, when the target gas is highly
deflector, 30 cm long, if the Hebeam is used. The cleaning dissociated, are measured keeping the same gas inflow. De-
magnet, located at 0.2 m from the center of the scattering Noting these yields b$(To) and S(T), respectively, it can
chamber, makes the final charge state selection and elimRe shown that the ratio;/oy, of the corresponding cross
nates undesirable contributions from beam contaminatiosections for H and ktargets is given by11,17]
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oy 1— D(T)[ 1 S(T) TABLE I. Electron-loss cross sections for Hand G* impact

—_—= -1, 1) on H and B. All cross sections in Mb.

o, DM L(T,To) S(Ty) ( "

E (MeV) He" c3t
whereD(T)=ny(T)/[ny(T)+n (T)] is the degree of dis- Ha H Ha H
sociation, and (T, To) =ny,(T)/ny,(To) is the dissociation 0.50 20.6:0.8 14.8-1.4
fraction. The parameters,(T) andny,(T) denote the num- 0.75 20.£0.9 10.8:1.0
ber densities, at the indicated temperature, of the H and H 1.00 21.6-0.9 9.70.9 8.0-0.8
fractions present in the cell, respectively. The furnace is cali-  1-10 8.8-08  7.5t10
brated by determining(T,T,) andD(T) as a function of the 1.25 19211  9.309
furnace current. 1.38 9.8:1.1
The dissociation fraction was determined through the 1.50 17.5-09  8.6t08  11.2-11 7.2¢0.9

measurement of the double capture by @rojectiles at 1.1 1.75 17.¢-09 7507  12.2-12 7.3:0.9
MeV. Becauses=0 for the double capture channel, the  2.00 16.4-0.8  7.8:0.7 13411 7.8:09
term between brackets in E(l) is equal to zero. This gives 2.25 15.0-06  6.9-0.6 13.951.0 6.7#0.7
directly f(T,T,) from the measured ratio between the  2.50 13.6:0.7 6.5+ 0.6 156-1.1 7.6-0.8
double-capture yields at the temperatufeand T,. For the 2.75 12.%+0.7 5.8£0.6 1410 6.2:0.6
temperature pair3,=1400 K andT=2600 K, a dissocia- 3.00 14917 7.2:1.0
tion fraction of 0.165-0.005 was obtained. The absolute  3.25 15.8:2.1  8.4+1.3
value for the degree of dissociation was obtained through the 3.50 10.3:0.9 4.80.6 13.9-1.8 7.4:1.2

measurement of the angular distribution of elastically-
scattered 1.0 MeV He projectiles impinging on thex-y
position-sensitive detectgisee Fig. 1, within the angular energy increases, a tendency which is confirmed by the
range between 0.2 and 0.6 mrad. Using the measured copresent measurements.
stant values of the elastic scattering yiel@#édo gjsid d 6,
for S(T) andS(T,), D(T) can be directly obtained from Eq.
(1) by noting that for elastic scatteringy/oy,=1/2. ForT
=2600 K a degree of dissociation of 0.80 0.02 was ob- As shown by Meyerhokt al. [10], the ratiooy, /o of
tained[11]. the electron loss cross sections of light projectiles grakid

The electron loss cross sections for atomic hydrogen arg targets is very sensitive to the way the molecular form
obtained from Eq(1) together with the measurement, at the factor is modeled in the calculations of the electron loss cross
same projectile energy, of the electron loss cross section igections. These calculations take into account two competing
H,, at room temperature. The experimental arrangement imechanisms which contribute to the loss process in the
similar to that described in Ref13], except that the emer- intermediate-to-high velocity regime: the correlated electron-
gent beams are now detected by thg position sensitive electron interaction between the target electrons and the ac-
detector and the cleaning magnet placed before the scatterinige projectile electronantiscreening modeand the Cou-
chamber allows an easier elimination of the spurious beamsomb interaction between the screened target nucleus
The cross sections are obtained by the growth-rate methaglclei, in the case of molecular targetnd the active pro-
with the pressure in the gas cell measured by an absolujectile electron(screening mode For He'™ projectiles within
capacitive manometefMKS-Baratron. With this setup the energy range covered by this work, the electron-electron
the main sources of uncertainties come from gas purityontribution is as important as the nucleus-electron interac-
(~1-3 %, reproducibility of the oven temperatute-1%),  tion, for both H and H targets3], making the measurement
counting statistics £ 5%), interference of spurious beams of the ratiosy,, /o sensitive to the way the molecular form
(~1%) and, for the | measurements, the determination of facor contributes in each one of the above-mentioned
the effective length of the cell{5%). modes.

: +

, Table I shows our experimental results for the Hand Following the notation of Ref10], the electron loss cross
C*" projectiles. Our present measurements fortéfgets are section can be written in first-order Born approximation
in very good agreement with previous experimental result$p\yga) as(see also Ref3])

of Shahet al. [7], Satakaet al. [14], and Montenegret al.
[15] in the case of Hé projectiles, and with th3e results of 8
Montenegroet al.[13] and Goffeet al.[16] for C** projec- :_ij J'w -3 2

tiles. The above set of measurements for Healso in good Tsa v2Jo de 9 "ddFp(@*Ssa(@), - @)
agreement with recent PWBA calculations of R¢fd] and
[18], indicating a consistent description of Helectron loss

on molecular hydrogen, as will be discussed in greater detalil
in the next section. It should be mentioned that the" He
measurements of Pivovagt al. [17] and Hvelplund and Ss(Q):f (47)~1dQ 2[1+cogq-p)]|1—F(a)|> 3)
Andersen 6] on H, also covers the energy range studied in g

this paper but, as noted by the last authors, their data appear

to lie below the theoretical predictions when the projectileand

IIl. MOLECULAR EFFECTS ON ELECTRON LOSS

Amin(s,a)

here
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4
S.(@= [ (4m)d0, 21+ cosq- pI[1-[F(@)?
4 o 3 ut
for H, targets. For atomic hydrogen, we have & 4 SsAMWelnbaum)
a
S gk I — - S+A(Stew
Se=1-Fo(a)? (5) g 2,2 ot nRTIT o ey,
2 A’A_*
Sa= 1—|Fo(a)|%. (6) & | 1f
S
In Egs. (2)—(6), v is the collision velocity,e is the kinetic
energy of the ejected electron, is the momentum trans- 0 : : : :
ferred in the collisionp is the internuclear separation of the 0 1 2 3 4 5
hydrogen molecule, an&,(q), F(q) and Fo(q) are the E v
projectile, H, and H single-electron form factors as given by nergy (MeV)
Egs.(9), (28), and(30) of Ref.[10], respectively. FIG. 2. Cross section ratioy, /oy for electron loss of Hé

In order to analyze the importance of averaging over theyojectiles as function of the projectile energy. Experiment: solid
molecular orientations in the interference term appearing i@;quares' this work; solid triang|es’ Réﬂ; open triang|es, Re[ﬁ]_
Egs.(3) and(4), Meyerhofet al.[10] described three differ- Theory: solid curve, Weinbaum model; dashed curve, Stewart
ent procedures with increasing degrees of simplification. Irmodel; dotted curve, Simpl modédee text
the “Weinbaum” model, the Weinbaum wave function for
H, is used to calculate the form factdt;(q), and then T2/ 2roa2 2
S..a(q) through Egs(3) and(4). In the “Stewart” model, a FU@=[9(@)Fo(@) ] 2a°(1+ Ro(@) +b"+4abRy(q)]
form factor which is already orientation-averaged is used, s ,
that the interference term appearing in E@®.and (4) can Tor the Weinbaum model and
be calculated independently and a simpler analytical result is — )
obtained forS; ,(q). Besides these two models from Ref. Fr(a)=[g(a)Fo(a)]

[10], we also use in the forthcoming discussion a further
simplified model — hereafter denominated “Simpl” model for the Stewart model. The reader is referred to RE®] for
— in which the H molecule is modeled as two hydrogen the definitions of these parameters and functions.

atoms but with the hydrogenic form factd¥o(q)=1/[1 Figure 2 shows our measurements of thg /o, ratio for
+(a/2Z¢)?)? calculated using an effective charggy;  He" electron loss compared with those of Hvelpund and
=1.193, as given by the Weinbaum model. Andersen[6] and Shatet al. [7], together with the present

For the screening mode we usggi,s=0do=I,/v as usual calculations corresponding to the three models described
[10,18, with 1, being the ionization energy of the active above. Our measurements show a good agreement with the
projectile electron. Our present calculations differ from thosepreviously measured data, although, as mentioned in the in-
in Ref. [10] with respect to the antiscreening mode. For thetroduction, none of the previous measurements is absolute.
antiscreening mode, Meyerhetft al. [10] used thead hoc  For projectile energies above 1.0 MeV, the experimental
prescription by Anhol{19] where the value of the energy data lie between the results from the Weinbaum and Stewart
transfer appearing iy, is averaged over the possible model calculations, with the Weinbaum model giving a
energies transferred to the continuum states of the projectilslightly better agreement. The Simpl model underestimates
and the target, and the cross section given by @y.is the experiment by-16% in this energy range.
modeled as the ionization cross section of the projectile ion A detailed evaluation of the role played by the molecular
by electrons with the same velocity. In the present paper wetructure in the screening and antiscreening modes can be
use a generalization, for molecular targets, of the extendeseen from Fig. 3 where the contributions from the various
sum-rule method of Montenegro and Meyerid8], thus  models tooy, /oy are split. Besides the present experimental

keeping the calculation consistently within the PWBA. This resylts, Fig. 3 also shows the separate contribution from an-

generalization is carried out by using an orientation-averagefiscreening,of) /oy,. The latter is obtained through the ex-
molecular form factor in the calculation ofyin( - Using the 2

same procedure as described in R&8] it is straightforward pression
to obtain A A
OH, On,\ [ OH, 9

Ominay =Go AG(do+ Ad(do)), @ o o)\ ow) ©

where where the terrmﬁZ/oH2 is taken from the coincidence mea-
q%/2v surements of Ref15] and the termy, / o from the present
Aq(g)= ———, (8 measurements. The coincidence data include a contribution
1- Ff(q) from the two-step loss-ionization process. This contribution,

however, decreases rapidly from25% at 1.5 MeV to
with ~10% at 3.5 MeV[15].
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FIG. 3. Cross section ratiorHZ/oH for electron loss of He
projectiles as function of the projectile energy. The screeii)g FIG. 4. Cross section for electron loss of Herojectiles on
and antiscreenin@A) contributions associated with the Weinbaum, atomic hydrogen. Experiment: solid squares, this work; solid
Stewart, and Simpl models are split from the td@&+A) contribu-  circles, Ref.[6]; solid triangles, Ref[7]; open circles, electron-
tions. Experiment: solid squares, this work; open circles, ratio forimpact ionization of H& from Ref.[27]. Theory: dashed curve,
the antiscreening contributidisee Eq.(9)]. screening; dashed-dotted curve, antiscreening; solid curve, total

cross section for electron loss. The antiscreening calculations are

As Fig. 3 shows, the Simpl model gives a description ofbased on the PWBA extended sum-rule method of Re].
the singles and coincidence data which is clearly smaller
than the Weinbaum and the Stewart models. The main difwhich point towards a sharp maximum for projectile ener-
ference between the Simpl and the two other models is thajies around 300 keV. Although our data cannot give a clear
the former ignores the interference caused by the joint actioanswer about the shape of the cross section near the maxi-
of the two nuclei in the projectile ionization process. Thismum, it should be noted that if the data of Rg#] and[7]
shows that the contribution from the interference is indeedare multiplied by a factor- 1.45, there is a quite good agree-
important, coming principally from the antiscreening mode.ment between the three sets of data.
This result can be understood if we note that the major con- The role of the antiscreeening contribution to the total
tribution to the cos{- p) term in Egqs(3) and(4) comes from  electron loss cross section can be advantageously examined
small values of the momentum transferred to the active prowith the aid of the impulse approximatidi3,4,22. If we
jectile electrong. For small values ofj, the argumeng-p  consider that only continuum states of the target contribute to
oscillates slowly and the contribution from this term is large.the electron-electron interaction, it can be shown that the
However, small values aff correspond to large impact pa- cross section for the antiscreening contribution can be writ-
rameters for which the antiscreening contribution dominatesen as[3,4,22
[3]. If g is large,q- p oscillates rapidly and the contribution
from the interference term is small. This corresponds to close oo
collisions where the screening mode domind&js thus ex- gg‘P:f dv,o(v+v,)J(v,). (10
plaining why the Simpl model gives a ratio which is close to -
the Stewart model for the screening mdéféy. 3.

The above equation can be pictured, in the projectile

IV. TOTAL ELECTRON LOSS ON H: ANTISCREENING, frame, as the ionization of the projectile ion by a beam of
IMPULSE APPROXIMATION, AND CONNECTION electrons with a velocity +v, broadened by the Compton
WITH ELECTRON-ION COLLISIONS profile J(v,) of the target ground state. This expression,

apart from giving an useful intuitive physical picture of the

As mentioned in Sec. I, the total electron loss cross seCgjectron-electron interaction, makes an important connection

tion of He" on atomic r_lydrogen can be o_btained from theyotveen the antiscreening cross sectioff®, and the ion-
measurement of the ratie,, /oy together with the absolute i, 4ti0n cross section of multiply charged ions by electron

measurements onjHargets. Figure 4 compares the electronimpact,o.(v +v,). This connection can be made even more
loss results thus obtaing@able ) with those of Hvelplund  explicit if we recall that the atomic hydrogen ground state
and Andersefi6], Shahet al.[7] as well as with the PWBA  has a sharp Compton profile aroung=0 [4]. In fact, out-
calculations as described in Sec. Ill. As a general trend, thegjde the threshold region, where,(v+uv,) varies rapidly
results from the PWBA calculations agree well with our with vy, the Ve|ocity dependence Qfe(v+vz) is smooth
data, particularly in the high energy region. These calculagnough to be considered constant within the velocity range

tions show a broad maximum for projectile energies aroungyhere the Compton profile is significant. Under these condi-
800 keV, which is essentially due to the onset of the antistions we can make the assumption

creening contribution, a behavior which was already indi-
cated by the early calculations of Bell and Kingsti&i]. imp
This behavior contrasts with the data from R¢&.and[7], Oy =0e(v), (13)
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obtaining a direct relationship between these two cross sedhe probabilitypc(b) is calculated according to the model
tions. The validity of this equation was recently verified of Ben-ltzhaket al.[31]. The target ionization probability is
through electron loss experiments involving highly chargedcalculated through the equatigm (b) =Q?ps.{b), where
ions and He targets using the recoil ion momentum spectrosp,.{b)=|al(b)|? is the semiclassical calculation for the
copy techniqug23-26. With this technique, the screening ionization probability of the & electron of H by protons,
and antiscreening modes can be separated, allowing a diregiken from Ref[32], andQ=3 for C** projectiles.
comparison of the antiscreening contribution with theoretical Because the antiscreening mode results mostly in the si-
calculations of ionization of highly charged ions by electronmultaneous ionization of the projectile active electron and
impact or experiments using crossed or merged electron-iofhe target electron, the only possibility for electron capture to
beams. occur concomitantly with electron loss is through the screen-
On the basis of the above analysis, we can use electroling mode. Thus, if we denote By eefb) andPy,(b) the
ion measurements to evaluate the antiscreening contributigsrobabilities of electron loss through the screening and anti-
to our measured total cross section for electron loss. To thiscreening modes, respectively, the probability for single
end, Fig. 4 displays the+He" ionization cross section electron losgSL) is given, within the IEA, as
measurements of Peat al.[27]. There is a good agreement
between the electron data and our present antiscreening cal- Psu(b)=PgcreekD)[1—Pc(b) ]+ Pai(b), (13
culations, indicating a general consistency between theory ) )
and the present measurements in this case. Since the convifdich, integrated over impact parameter gives:
gent close-coupling calculations for tleer He™ ionization
cross section by Bragt al. [28] are in excellent agreement OSL= Tscreer ITLY Oanis

with the measurements of R4R7], they can also be used, \ynare s is the cross section for the transfer-loss channel.

yvithin thgbimpulse approximation, to estimate the antiscreen-l-he probabilityP.,..(b) which appears in the calculation of
Ing contribution. the transfer-loss cross section is evaluated following the lines
indicated in Refs[3,20,33 as

(14)

V. TOTAL ELECTRON LOSS ON H:
THE ROLE OF THE CAPTURE AND Pecreakb) =
IONIZATION CHANNELS

2Sb—"’l—‘l fbm K4(vb
asce() 2,}/ 0[ O(')’X) 1(')’)

In the case of & projectiles, where the projectile charge —x11(yX)Ko( yb)JaZe x)xdx
state is higher and the velocity is lower than in the'Hmse .
studied above, target ionization and electron capture become +J [Xlo( yb)K1(X)
the major collision channels in the velocity regime studied in b

this work. Under these circumstances, to describe properly

2
the electron loss process, it is necessary to include in the —bly( 7b)K0(7X)]a§§€{X)XdX}

. (19

theoretical models not only the effects due to these channels,
but also the increased possibility of multielectronic transi-
tions and the nonperturbative character acquired by the cowith y=[(w/v)?+a?]*? and Ko, Ky, lo, and I; being
lision. modified Bessel functions. In atomic unig=2, v is the
Simple models based on first-order calculations which in{rojectile velocity andw is the energy transferred to the 2
corporate somaon-ad hocprocedure to force the necessary electron during the ionization of the’€ projectile ion. As in
unitarization for the set of participating channels have beetthe He" case, the cross sectionggeenand o4y are calcu-
used successfully to interpret the experimental results ofated within the PWBA using the extended sum-rule method
some complex collisions involving highly charged ions, suchof Ref. [18].
as, for example, the ratio between the transfer-ionization and Figure 5 shows our measurements together with the mea-
the single capture channels of 1-MeV/amd®Tiprojectiles ~ surements of Goffet al.[16] for C** projectiles. There is a
impinging on He[29]. In this paper we use the procedure good agreement between the two sets of data in the energy
given by Sidorovicret al.[30] in a similar fashion as used in region where measurements overlap, with the present mea-
Ref. [29]. surements indicating a broad maximum for the electron loss
Let us denote byp,(b) and pc(b) the probabilities, as cross section. In order to better analyze the role played by the
functions of the impact parametey for the target H electron various collision mechanisms in the total cross section, the
to be ionized or to be captured, respectively. These probabiltheoretical calculations are split into their corresponding con-
ties are independently calculated through first-order theoriedtibutions. The basic mechanisms are essentially the same as
We exclude the target excitation channel because it can b@ose appearing in the Hecase, i.e, the screening plus an-
neglected when compared to target ionization in the impadiscreening contributions. This joint contribution is shown by
parameter region where electron capture is imporfagt.  the dashed-double dotted curve. However, as indicated in Eq.
Following Ref.[30], the unitarized probabilit ,(b), where  (14), this curve must be corrected to account for the presence
a denoted or C, is given by of transfer loss. The transfer-loss contributigiotted curve
is more important at energies below the maximum of the
screening contributioflong-dashed curyegiving a rapidly
P (b)= P.(b) [1—e GOpco)].  (12) decreasing contribution at higher energies, where the antis-
“ pi(b)+pc(b) creening contributioriddashed-dotted curydecomes impor-
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14 the minimum momentum transfer. Although the impulse ap-
proximation discards the possibility of excitation for the tar-
get electron, this limitation seems to be less important than
the need of an averaging procedure for the minimum mo-
mentum transfer in the sum-rule method and the results from
the impulse approximation are, in general, in better agree-
ment with the experimeré,22,25. This behavior appears to
be the same here: if we add the C3* experimental results

to the calculated screening contribution we obtain a very
good agreement with the measuredi"Gelectron loss cross
section. Thee+ C3* convergent close-coupling calculations
of Bray [35] present the same trend of the experimental
electron-ion ionization over this energy region. However, be-
cause it overestimates the experimental electron-ion data, it
also gives slightly higher values for the total electron loss
cross section if added to the calculations for the screening
contribution.

Cross Section (Mb)

FIG. 5. Cross section for electron loss of Cprojectiles on
atomic hydrogen. Experiment: solid squares, this work; solid tri- VI. SUMMARY AND CONCLUSIONS
angles, Ref[16]; open circles, electron-impact ionization of C '
from Ref. [34]. Theory: long-dashed curve, screening; dashed- The purpose of this paper is threefold. First, to obtain
dotted curve, antiscreening; dashed-double dotted curve, screenigghsolute experimental data of the electron loss cross section
plus antiscreening; dotted curve, transfer-lGse texk, solid curve,  for He™ and CG* projectiles on atomic hydrogen in the
total cross section for single electron loss. The antiscreening Calcqhtermediate-to-high velocity regime, above the onset of the
lations are based on the PWBA extended sum-rule method of Resntiscreening mode. This was achieved through the combi-
[18]. The short-dashed curve is the convergent close-coupling calatinn of an absolutely calibrated atomic hydrogen furnace
culation of Ref.[35] for electron-impact ionization of T. together with the measurement of small-angle elastic scatter-
ing to determine the number density of the protons inside the
furnace.

Second, to show how the electron loss cross section is
affected by the different ways the,Horm factor is modeled.

tant. The resulting sum of all contributions is shown by the
full curve, which gives a good description of the trend of the
experimental data but overestimates it b®0% around the

cro;s SeCt'th m;xur)num. the t for-| h We find that the interference term associated with the two
_As mentioned above, the transter-ioss process has a neEfotons of B plays a major role in the calculation of the
ligible influence over the electron loss cross section for pro- lectron loss cross section, particularly at large impact pa-

jectile energies above the onset of the antiscreening channc? meters where the antiscreening mode is dominant. The

Then, o'g = 0screent 0ani and the analysis used in the previ- \yainnaum model, which is the more refined model used in

ous section, based on the |mpuls§ approximation, can ser{g;q work, gives a very good agreement with the experimen-
to understand better the contribution from the antlscreenlngal data in the intermediate-to-high velocity region

mode. Following Eq(11), we can use electron impact ion- " rpiq \ve explore the connection between the antiscreen-

o + ! . -
ization of C:* to account for th? antiscreening contn_bunon. ing mode and the ionization of multicharged ions by electron
These results are also shown in Fig. 5: the open circles ar.

fhpact. Thi tion is based on the impul ima-
the measurements of Crandadt al. [34] and the short- mpac IS connection 1s based on the IMpUise approxima

. ) . tion and forms an important bridge between two different
dashed curve is the Cg’ﬁ“’_erge”‘_ close-coupling calculations (?Jreas of atomic collision physics. We find that a significant
Brzliy_[35]| for tfhee+r$ f_lomzatrl]on. H g bemprovement in the agreement between experiment and

tis clear from this figure that the good agreement .e'theory is obtained if the electron-electron contribution to the
tween the electron-impact ionization and the antiscreenin

_ btai i the H . i th Y%tal electron loss is computed directly by means of the cross
cross sections obtained in the Hease is not repeated in the. sqions for electron impact ionization of the projectile.
C°" case. Indeed, the experimengat C°™ data is almost a

factor of 2 smaller than the PWBA antiscreening calculation.
As pointed out by Montenegro and Zour(2], there is a
tendency for the impulse approximation to give lower values This work was supported in part by the Brazilian Agen-
than the PWBA extended sum rule for the electron-electrorties CNPq, FINEP, CAPES, FAPERJ, and MCT
contribution because of the averaging procedure used to séeRONEX.
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