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1. INTRODUCTIOR

¥-shell jonisarion eront esvctiunc for W, Ry and U by
Jow-velocity protons measured in our Jualuratory were repoarted
in & recently publiched paper (de Castre laria et al 1984,
Srveafter rafoerred ag 1}, Goed agresmnent wan found botween the
experimental results and the PWBA predictions when binding,
relativistic and Coulomb-deflection (monocpale approximation)
corrections are taken into consideration. The nain cxpeyimcntal
effort in 1 was to medsure ionisdtion cruss sections at proion
energies where the projectile loses an important fractior
(moTe than 7%) of its encrgy in the ionisaticn proccess. The
good agreemant between experimental and theoretical results
is however partially lost when the inelastit aspect of the
collision is added to the three aforementioned corrections.
This fact casts some doubts about the suitability of correction
procedures commonly used and points to the need of additional
cerrections or pessible inconsistencies ameng them.

h Geeper insight inte this situation can te attained
when egual velocity proton-, deuteron- and alpha particle-
induced ionisation crass sections are compared (Basbax et al
1973, lapicki et al 1980, Jesus and Lopes 1980, Rice et al
1981). Fromr the experirmental point of view the ratios of
cross sections present uncertainties typically of aboutr 2/3
of these obtzined In individual cross sect on measurements due
to the cancellation ol same calibration guantities, when tre
same experimental set-up is used. Or the other hand, the

theoretical analysis of the results becomes easier since some



COTTCCLILnE almust apdetsly concel out In the equal-velocity
Crues svction ratios.
Lvi (ﬂé}uuLzrr:piz e 6 and o refer o protone,
BEUTCrOnL ané alpha Larticlee, rerpectiively. Frotone and
deuterons bove the same nucloasr chalrae and, &t cqua) vedocsty,
theirr energies sr¢ in the ratio Ed/Ep “ 2. p3nding el{fects
must be cuscntially the same in both cases but different
Covlomb-deflection and energy-locs «ffects are cxpected. On
the other hand, dcuterons and alphad particles having equa)l
charge -to-rass ratio mest cxhibit the same Coulomb-de!lectlon
cf{ect ar the same velocity but diffcrent binding effects
resulting from dif.erent proiectile charcee. By forring
" ratics of measured cross sectinns, °d/°p and e, /4ca, the
~Covlomb-deflection and the incrgased rtinding effects can be
“isclated and better analysed, réspectively. Moreover, the
energy-loss effect, wrnen present in the lowest proton energy
cross secticns, is much less prerounced for devterons with
the same velocity. relativistic effects cancel out
approximately in all ratics because the prejectile veliocitier
are the same.
In this paper we report ¥ anc Av E-shell jonisation
cross necti;ns for deulerons ancé alpha particles in the same
range cf velocitias as for pratons in I. Some nd/cp ard o /o,

ratics were reasurec at exactly E. = 2E_ and E, = 2F

P ¢’
respectively. The Siscussion cf the results is primarily centerec
on the Coulcxb factor and the effects of the energy loss of

the projectile in the ionisation process.
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2. EXPERIRENTAL PROCLIUKL AND HUSULTS

The oxjn 1imntal set-up fGF Lhe Present mOasuremenle
ie fully durerdlad in 1. The W and Au turaets wers thich
encugh tu Stap the Rott CRelgutic pau)ecti Jes. Tie reduction

of the rougah Gate wan jaerformed at in 3. Tin function
Y, (5 = .:2()4Lc')gxp(-tx'3iz) was adjusted to the experimental
yicld wvalues by rcuns of o weighted lcast squarcs fitting
program (bevington 1969}, The rosulting goramcters are
presented in table 1. Thu ionifation Cruss sccticns arc given
in table 2. Typical unccrtaintics in the abtsolute cross sections
are {rom approximately 8% (Au) to 10% (W) for o, and 2%\ for L
In thick target measurcmants the cross section is
proportional to the Ay, (E)}/dE derivative of the yield curve.
A smoothing procedure by means of the fitting by a curve with
n—-adjustable parameters could give a unreliable result if the
energy interval ia-tpe narrov and/er the number of available
experircntal points is too small. In the alpha particle
}

Deasurerents presented here the ratio (tu) is less

nax/‘zu mnin
than 2 and the nunber of measured values is of about 2rn. This
is perhaps Pot encugh to define accurately the local curvature
of the yield curve. Then, despite the xz of the fitting being
vanishingly small, the errors associated two the adjuszadble
paramerers are to< large ané they are for the nost part
responsible for the large uncertainties in the reported values
of ¢, . The inforration that could be drawn from such situation
is probably too poor to allow definite conclusions.

It 18 worth mentioning that the nuclear Cculomb



excitation of the first excited stutes of the stable Jsotopse
o ¥ 8 an important rourcee of unveriainty $n the expurimantal
detoermination of L The cuntrihution of Y, werays follrarsig
the internal convercion ig wypacally 2/3 of the uhrerved Y,
reake, Gouyd tiatistics 3k ersential o ennure 8 tafe fubtrectice
of the x-rays resudting foom prinary nucloar yprocecsec, This
implies the nced ©f Jong rune {- )J2h) and high currents (up

to 500 nA) at the lowest i.cident encrgice.
3. DISCUXEION OF THE PECVULTS
3.1. kbsolute cruss soctlions

In figqure 1 the mxasured K-shell ionisation cross
sections aye compared with P¥BA calculations (Rice et al 1977)
including the increasad binding effect (Basbas et al 1973,
1978), the correction due to the relativistic motion of the
K-shell electron (Brandt ané Lapicki 197%) ané the deflectior
and deceleration ©° the projectile (Koctach 1576, Montenegro ang
de Pinho 1982). This calculsteé cross sectior. is called SpSSRC’
The same figure shows the theoretical resules obtained by
taking inteo account the c;-tqy 1011'9! the preojactile during
the collision logpgepne) A8 will be discussad in §3.3. The
three usual corractLions to PWBA ceserve some remarks.

Discrepancies batweer approximate (Brandt and
Lapicki 1979) and exact (Mukoyams ané Sarkadi 198))
relativistic calculations incraase as the projectile energy

Gecraases. Fory protons on Au at 700 keV bombarding energy



the alecCrepancy amcunts to sbuutl 2'%, the ru)u!!v!s\ic cffcct
Leiing overestimated by the hxand;vLup!ckl method.

Recentdy, Mubleln-gro ond Sigaud (1944) ruc&um)n;d
Ihe problem of the wdiallatic aapuriment of the ¢luclyornic wave
function to the variable clectric ficld of the target nucleus
ant prejeectide chuiues. Ar on Adtoernatave wo the Fazhag et al
(1973) procedure they proposcd the éc;éription of the hinding
effect Dy mcans Of an average SCrecning paraneter ( evaluated
by vsing an energy-dcpendent uniteed-ylon nuclcer crarge. ks the
eollision aoes on, L follows & corntinuocus funciicn which
reproduces the Cxperimental velucs of the jorisct.on ¢ncigies
aL “he integor valucs ©f the nuclear charge variable., The
‘values “¢ € thus detrermined ¢iffer from the values of €
‘corrected by following the prescriptions of Basbas et al (1973)
by 0.4 to 0.6% for. alpha particles on W and Au, respectively.
‘This effect iz amplified by a factor of ten as the total cross
section is calculated. So, if & is used instead of the PSS
»hinding»cvxrection)a reduction of the calculated crass
secticn for alpha particles on K (4%} and Av (6%) is ckrained
a8 corpared witk the PSS values, resulting in & be:ye: agrecnent
with the alpha particle expeximan:gl daca.

The adcpted Cculomb factor was obtzained assuming
only monopole transitions. Gundersen et al (19€2) have showr
that the inclusion of the dipole cdntributicn attenuates the
Coulomd factor ir. the low-velccity region but tha§ a.strong
cancellation of the dipole term by the recoil effect can
occur in. some cases. Rbsel et al (1982) have dermcnstrated that

with unitedé-atom wave functions the recoil Flus dipcle
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cantributich to Lhe TBaLTIN Cleniht 36 Rroperiicnsd e
(zint-z‘nx)/(u‘cn‘) where the cubscripts ¢ and § stand for
the Larnget nucdeus and the yninging [article, reepectively,
For heavy atorms Jire v and hu, M. /20 & 2,0, For presans
M,/Z‘ = 1 und for éunln:uut angd alphs rarticles Mi/li - <.
Then thé cancellation tc rueh more important for éeuterons
and alpha particles than for piotonc and u.¢ moncpole
approximation ig mure justified in the first cases tham in

the gecond one. Fecently Graue ot 81 (1984) have presenuec

same rumcrical czleovjaviens that clearly doerunstrate th
peculier fcarture of the é:pc}c anl receil effects.
Fowever, the mopopolic Coulomd facter gives zlsc a
satisfaclory descriptior cf the protor experamental data
reported in I, The corzicderarion of wine enecrgy-losr effect
results in & reduction of the low energy cross seziion that
prokbably corpensates the increase of the cress sectien due
tc the dipole plus recoil term contribution., The character
of tris Jiscuscsion is of course merely gualitative,
3.2. Cycss secticr ratics
The nd/rp ratic is a8 very s<ringent test for the
Coulom: factor since it is almost indepengens ¢f peth ninding
and yelativistic eftects. Figures 2 and » snow the: une
adcpted Coulomd correction gaves muth pettar acreanent with
the experimental points tran that proposed by Basbas et al
(1973). The need ©f a Coulomk factoy steeper than this last

oré has already beon discussed by Faul (1982). .



FOr veluclitivs colleupuutding to chel gies greater
than -1 M:V/u, the menopole approxseation gives a
vetinfactory duseription of the citwitjon, an oxpmcled {ros
the receding dincuneion, but as Wl inpact velocivies bocom:
very 1o the yxpurimntal 1sLante arv ancicaranely abuve the
LhLGICLical rersulete. In the casc 00 Au the theoretical results
are improved when tht inclartic claracter of Lhe colliciorn is
considered but the situation is inveried in the care of w
where the correction is obviously exccgsive.

The inclusion of the dipole plus recuil cffects
would result in & thecoxetical curve somewiicrs betweoan the
solid ané the broken lines of figures 2 and 2. As will be
discugsed later, residual cffects of the incomplete
cozpensation of the energy loss correction, on the one hand,
and the cdipole correction, on the other hand, not clearly
observed in the total cross saction versus energy curves are
magnified in the °d/°p ratios because of the cancellation of
other effects.

The ‘n/‘°d ratic could give scme anfcrration
aboyt the binding correction. Kowever, as menticned before,
the layoge vncerteinties in the alpha pa}ticle cross sactions
render Latardous any guantitative conzlusion. The a°/6cd
measured ratios are systematically toc small as compared
with the thecretical predictions even when the procedure
proposed by Montsnegro and Sigaud (159%98) for calculating the

binding effect is used.



4.3, The enerqgy Juee etfouct

The cojroect limite of fntegretion over the momentum
Wng cnergy tiannfere ore not cungidered yn Lthe puilished PWRA
tabler exeept in Lthat of koenka ang Kropf (1978), 1n the
Laanatien 6F s o bt e Yeevran freso an dnitial beund
state with enorgy F, to a final state with energy L, the
encrgy transferred te the c¢lectron by the projectile is
1. - En-to. 1{ this cnergy tr small as corpared with the
wnTidant energy it AE uEual te congider the minimum momentum

transter q = ./v and the raxirur mamencur trancfer

min
= «, where v is the incident velocity. Withir this

qmcx
appreximation, very simple scaling laws for the total cress
section are obtiined since the velocity and the charge are
the only relevant parameters assoclatad to the proiectile,
when the correct limits of integration are taken into
account a dependence on the reduced rass of the eolliding
SySter ipf!i!l.

1n orger o pregerve the parametrization ané
the same functional dependcnce of the total cross section
on the scaled incident energy n, Montenegro et al (1981) proposed
the simulation of the e¢rifect of considering the correct limits
of integration through the use c¢f ar effective veiocity éelinad
in such a way that Q.. * w/Vee, - Hare v, = v._’_lo(l-i]l/ZJ-/z with
¢ = 9mi/BMr where, as before, ¢ i3 the scaleé binéing
energy ané »/M is the ratio of the @lectron mass to the reduced
rass of the system.

Since the integration cver the momantum transfer s
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now from q .. <AV, VP YO Gy © °  LHC InCOTrECt FWRA tallus
for the function P(n/L’. ¢) can be used with n replaced by n oo
where, obvicusly, LY . nlvut’/vlz. Ar 4t was crmplocized in
Lthe paper Of Monteneyre ot al (19%9E1), when the total cress
scction s caleulated L Junction T omust be rmuluiplied by
'el:/" in Grier rc rertere the flux coprervation in tho procens
otrscatteting.

It is well known the équivaloence betwoen the total
lonisation cross =cCLions chtained in the PWEA ‘with the

integracion over g from Uan ~ w/V o infirity) andéd in the
sericlassical approximation {(with straight-line tralectory,
SLSSCA) "(Bethe ang Jackiw 1Y68). As the lower limit Sn Of
PWBA id médified to w/vggs the equivalence still holds 4f
the asymptotic velocity in the SL-SCA is made equal to Vegsr:
Let vin} and v'(n') represent the asymptotic incident
and emergent velocities (reduced energiesg), respectively. Then
n' = n - (2/M)® where ®-is ‘the average energy trarnsfer in
the adiabatic limit, W = 96¢/8. From the definiticns of Vegs
and 6 , it follows that n' = n(l - ), then £ = 1-{v'/v)® ans
Vers ™ (vev7) /2. Thus v ., i the so-called syrmetrized
velocity. The prcposed sgimulation of the correct lirits of
integration autcratically introduces the 'idea cf a syrmmetrized
velocity. )
To be morye spacific, one nuRi concare the PWBA cross
section for the transition O-n
PUBA ‘zioz\z ~

H (= 3 1?
% en * ’(-1—;—’ E}‘l‘;:!""p“q")“o‘”d x: (1}

’u/\‘eff q
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with the vquivalent EL-SCA cruss wcction

? 2 . - T
v ?2 4272 6%\ 2 * * ; .
2Ch . {—ﬁil! 3 ‘ .dp P; j - -1 e‘“‘[ iﬂiil!eiil d’x
~n Ly 4 T | I Pt ee TS 218

T the elydaght-ling ajrreyiraticon tne projectile
woves along the trajectory Rit) o« g o+ 3’1!1, whure § A

the ippact parameter. In cquation (1) o/v replaces the

af
cormronly used value «/v. There is anuivelunce butween the
twe eguaticns because at the same tirme that the nauris

clorant an eguation (2D wvas mugified through & redzfivmaricn

cf it} an rerms of Vesgr @ faclor (vef,/V)z was rtroduced

in cxder 1o riawore the correct incident fiux, Tre matrix
e)emgnt 16 then gyrmeerized, but the croeg seciiorn € oen is
not. This syrmetylzation procedure is exactly alike that
propcsed by Alder et al (19%9%€) in the nuclear Ccuiomb
excitation preblem.

Now, when R{t) descrites nyperhlrs naths it seens
natural tc extend the concept oI efferctive or symmecrized
velocity ke Lnese-trajeeto:ies. Then, after expressing
the Coulcrk factor in terms of -, this rarameter nmust le

everywnere raplacee by r_g,.

The Cepgshc

czlculeted with v rerlaceéd by - everywheré with the czutic

ef?

resulte preseptec ir figurec ! to 3 were

Of maintaining the correct incident flux. This prucedure gives,

withir 3%, the same numerical values &s those chtzined with
the Brand: and Lapicki (1981) prescriptions t¢ take intc
account the energy lose. The present procedure presents the

aouble advantage ©f peing much more Simpic and treating the
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carrcction for thh cxact Jimive of dntvgrataan and the
LymnetriZatlion 1n & consictunt ui;y.
16 pletied

In ficure € the yallo c:.r:‘."-ht‘/'r.'f.'ikc

1/¢

auaibkst Jogs, where 4 30 the Jostateter 2, /¢ . Trac wag dunc
LC rare cazicr the congaliuoen with the ficure L oof Lhe paper

of Grauc ot al f(19#4}, &r ftar et Whe %, 2, und 4 Copundenets
are cenccrned, 1t 15 cvident that the cnergy lgss and the
Qipele effests show sonoe sart of ceaplerentary bekaviour,

The cermntguence is a partial corpoensation of roth effscrig over
bread intervels of enorgy fer a given projectilé-target paar.
For the prciectile-target combinations studied irn the present
work the cocrpensaticr scems o be rather corplcte for deuretons
and alpha particles on W &nd Au. The rcsidual effect of poth
corrections is at most ©f the order of a typical errar bar in
the experimental cress sections. For protens. whare both
effects are much msre important, for log § < -0.75 the
serpensation is incormplete and the encrgy licss effact dominates.
This prediction conflicts with the experirertal resulces
presencad in I for Ep < 1.2% MeV. wher the dipcie tc nmonopole
contribution ratics calculated by Graue 2t al 1934} for 2.7 &L
axe used fcr the I = 7¢ data, the TZPSSRG roints in ficure 23
are resuced by 17t at 0.71 MeV/u, 13t at {.E2 MeV/u, %t at

1 MeV/u ané 5% at 1.2% MeV/u. Ir ficuve I wne eperirantal anl
thecretical values for the od/'cp Cross §ellICn ratias ave otvar2d., In its
upper part wtne theoretical results are PSSRD vaiues; in 1%s iower part they
are EPSSRT values including, for both W and As, the save diprle aontributicr.
caloulated for FPo by Graue et & (1984). Althoagh thag correction has been
introcuced in an ac hoc ranmes, it s expected to be quite satisfactory and

it grextly irproves the agreercht betwect Lhedry and urperiment.,
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4. CONCLURIONG

The determination uf jonisation cruss scetions st
the extrenme Jow virJucity Jeglon 18 a very difficuly tack
fror boeth experivontul and theorcticsl puinte ¢f view,
Urverteanties Jeog than JOV aic not cety to bt reached
Encyally when thich targets are crployed. The cross sections

are s erall in this region and depend 50 strongly on the

entrgy that s curnrorike botween @ reascnable counting rate
ang the troubles with the energy dogradation of the projrctile
1nside the tarcet ig & poerranent challenge. On the ether

hand, ir e thecretical results the interéegpordence among

the diffcrent correctiong inccorporated to the basic FWBA

calculatinong renders very dangerous the uncritical extyrapolation
cf procedures and prescripticns that reproduce well the
esxperirental cata in scre regiong of velocities and projetile-
target corkinations to other ones. Particulariy in the

evxtreme adiapatic reglor the rotal cross section s highly
ceuendent on subtle details irn the Lreatment cf these
correctians since the strong cepz2réence cn v ans L ragnifiies
very small cranoes of there paraveters. A unsuspected
correlation hetween energy-ioss a;é 2ipcie effectr was ptinted
out by the aatz discussed in this paper; 1t is nor clear whether
it i& accidental or it lies on more fundamental agpects ©f the
interaction and/or of the formalism. It :s imhortant to pursue
some kind of parametrization in terms cf effective variables
(velocities, energies, charges and masses) but a case by case

numerical calculation is essentizl when an exact descriptior of
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Figure 1.

Finure 2.

Figure 3.

Figure 4.

Figure 5.
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CAFTIORS 0 FIGURLY

Leuteron (telad cazcdes) and alpha particte (ofs-n
circlert anduced K-uhel) tunination €ross wections
VOTRUL Ccaergy. The nulid curve g e penRe and the
cdashued curve ic L e
Fatior of e arwed cranr sections for deuterong
and protons of the sam: velocity impinging on @
thick target of tungsien . The curves are:

TESKC predictiont with the Montenegro and
de Pinho (1982) Coulomb factor:; ~---- EPSSRC
predicrtions with the same Coulomb factor as
before and the cnorgy loss correction described
in the present paper; -.-. EPSSRC predictions
with the Coulomb factor of Basbas et al (1973).

The sare as {icure 2 for a target of gold.

X 3 M y £
The ratio CEPSSRC/°PSSRC versus log { for different
targets (Ni, Ag, Au) and projectiles: pIoLons;
----- deuterons; -.-.- alpha particles.

Ratios Of experimental to theoretical deuteron-

and proton- indvced ionisation cross section ratios.
Solid circles arxe the W data ané open circles are the
Au data. 1In the upper part of the figura the
theoretical results are PSSRC values and ir the

lower part they are EPSSRC values includang an
estimate of the dipcle contribution.
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275 2.54(-3 3.00 1.96(-3)

3.00 3.48(~3) 3.25 2.67{-2)

3.5 4.54¢-3) 3.50 3.53¢-3)

3.50 5. 79(-3 3.75 4.52¢=3)

LT 1.27¢=3 .00 5.85(-3)

4.00 9.11(-3)
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