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1. INTHOOUCTIOH 

Although during the recent years an important number 

of measurements of cross sections for «-shell lonlsatloo by 

•wltt bare light nuclei have been performed with Increasing 

accuracy and. although «any refined calculations, including 

sophisticated corrections, have been performed, significant 

discrepancies persist when expexlaental and theoretical 

result* are put together. In part these discrepancies coa* 

fro» the difficulty In determining absolute cross sections. 

Experimental data are quoted with typically Individual 

uncertainties of 5 to 15%. However, when measurements or 

different groups are compared, discrepancies of about five 

or more standard deviations are not unusual. Systematic errors 

come mainly from the determination of the overall detection 

efficiency and from the reduction or the rough experimental 

data and can not be treated as statistical fluctuations. On 

the other hand. It is unquestionable that some ambiguities 

renaln in the way the multiple corrections are handled when 

introduced Into the basic models (PWBA or SCA) that describe 

the direct Coulomb excitation of an electron from the R-shell 

into the continuum by a point-like charged particle. 

This situation has been periodically reviewed in a 

series of workshops or inner shell ionteation by heavy 
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pampa» (aaa for «ntaapla Paul M M ad 1M2, soebach at «1 

1*19, Land at al 1M2 and rafarsacaa tbaraln, aaa also »lca 

Utl and laul and Ohar—na 1M3). 

B&ffasaacaa becwaan axparlaantal aad thaoratlcal 

resalta ax* aora «vidant la Uta low faapact waloclty ragion. 

la thoaa condition» tha prcMaaa ara twofold. aaatdaa tha 

corraatly adalttad «ffacta of Uta lacraasad blading, tba 

ralatlvlatic andificatioaa of tba electronic w««a function» 

aad tba dotlaotloa of tba projectile trajectory by tha 

elsctrlc fia Id of tba tarçet nucleus which becom auch acre 

aaaaltlva te dataila la thaix calculations aad antual 

depandaaoe. other correction bsroas tepartant. On tba other 

hand, tba eroaa section» bacoaa ao aaall that tba us* of 

thick targets and blah current» la ¿operative. Tha « a-ray 

yields bacoas hard to ba accurately Measured ainca tha 

subtraction of tha background ia no laager a trivial 

prohl— and tha affacta of tia energy loaa of tba incident 

partida* iasida tba target liacoaa iacxeeaiagly Important. 

To «attract «-ray production croas section* froa tha rough 

data la inherently las* praclae than ia tha thin-1> get 

txaaaalsaloa technique. 

la tala pape? wa present aoaa aocurata eeaeureaents 

oa th* K-sheU loalsatlon croas aactioaa of W, to aad 0 by 

ptouiaa la tha lowast energy regloa taws far raportad. 
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Typtal uncartalntla* of croaa-aactlon aaaaoraBenta arc 10-1$». 

»t thcaa aaaralaa toa «anal aaaiaaptlon that tha binding 

«naroy of tha BhaLl can ha naalaetad with raapaot to tha 

total anargy in tha eantar of aaaa ayataai oan no longar ha 

auatalmd. it» tnalaatlclty of tha lonlaatloi. procaaa, aa 

vail tha thraa abova aantionad correction» ara incorporated 

to tha PWBA ealealatlona for tha aaka of ooanarlaon batwaaa 

experimental and calculated raanlta. 

2. EXPHONHRM. PKOCKDOM 

The axparlawntal eetus for tha praaant neaeureaenta 

ha» alraady baan given in detail eleavhere (Barro* Iiaita at 

al- l»77, juatinlaao at ai. u u , oe Caatro laxla at al. 

1 M 1 ) . Only tha deaeriptloa relevant to tha praaant experiment 

la given here. HnaaMUioi aaalyiad incident betwa of protona 

war* obtained fres the WHC * il» Van da Creaff Accelerator 

at tha Catholic Onlveralty of alo da Janeiro. Tha analyaed 

baaa waa foouaad by quedrupole laaaaa, deflected 30° by a 

•witching magnet and than oolllmatad by two tantalum 

aperturea «1th 2am and Ian dlaaacera and JOca apart. Tha laat 

collimator waa loeatad Jen bafora tha entrance of tha 

lnaulatad target chaabar aad 37em upatraaai from tha target 

baldar. 

lha energy raaolutioa of tha accelerator aad bending 
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••gnat «as aonltored by the wall-known and vary stronq 

27 24 
resonances observed In the Al(p ra) Hg reaction. The 

resonance at 11»4 kt;V gave the absolute calibration and the 

others resonances In this region of energy were used to 

check the linearity of the accelerator-energy setting. The 

width (nflM) ot the 1184 keV resonance was observed to be 

equal to 1.6 keV. The stability during each run was best 

than this width. 

The total running time was of about 10 hours and 

aos« Individual runs were as long as 87 hours. Depending on 

the count rata, currents from 30 up to SOO nA were used. 

Dead tio» corrections were kept negligible as compared to 

statistical fluctuations in the nuaber of counts at the Ka 

paaxs. 

Since the L and H x-ray production cross sections 

are many orders of Magnitude largar than the It-x-ray cross 

sec-..n a 0.1am Ce foil was positioned In front of the x-

-ray detector. This detector, placed at 90° to the bean, 

was a high-purity Ge datactor with a swasurad resolution 

i n m ) at M O «V «t 5».5 keV. The overall absolute efficiency 

of the s-ray detector was determinad in the standard manner 

using ca rated radioactive sources of 57Co, 1 Cd and 2*llim 

located at the target position, uncertainties of no «ore 

than 5 s ara expected for the absolute efficiencies. 
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Thick targets vara employed, m a gold target waa a 

1.75 mg/cm foil and tha tungsten and uranium targata wara 

thick enough to atop tha «oat anergatlc bombarding protona. 

Special cara waa taken with tha shielding of tha 

dataction syataai. Bvan without an lncidant baa» an appraciabla 

background was observad coating from tha environment (mainly 

Conpton photons from tha x decay and fro» decays in tha 

natural radioactiva aarlaa). Moreover, an energy dependent 

background, which originated at tha magnets, slits and 

collimators, appears with the bean on. The detector was 

surrounded by 10cm thick lead block» and 1.2 cm iron plates 

which reduced by a factor of 10 the background in tha region 

of the gamma-ray spectra from -SO to -120 keV. It was observed 

that the uranium target Itself was tha source of an important 

background, vil. (I x-rays Induced by tha emitted alpha 

pa.-tlclas. Tha subtraction of this background in tha spectra 

obtained at very low incident anerglaa la the main source of 

statistical errors In the U x-ray production cross section. 

Normalisation of the measurements was made by 

measuring the charge collected by the entire target chamber. 

The insulation was batter than 10 a. In the case of the 

gold target a Si aurtaee barrier detector was mounted at »0° 

to the Incident beam direction, facing the x-ray detector, to 

detect the Rutherford elaatlcally scattered protons transmitted 
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through the target. It we» equipped with a O.Semt colliaator 

to prevent high count ratea at low Incident energies. 

W t h all the targeta, Coulomb excited nuclear ganaa 

raya war* observed. They bacana relatively «ore important 

with respect to the S x-reya aa the Incident energy decreased. 

They presented no special problem In all caaea except with 

the V target, internal conversion of tha transition fro* the 

first excited state to the ground state in 182w, 1,3V, 1 , 4n 

and 1 W M contributed to about SI of the K x-raya at 3.75 MeV 

incident protons and 20» at O.eS NeV. Theoretical 12 Internal 

convaralon coefficients <Sllv and Band 1956» were uaed to 

estimate this contribution. 

The K_ /*_ ratio waa verified to be independent 

froai the Incident energy. An average ratio waa determinad 

fron the beet atatiatlca apactra and this ratio waa employed 

aa a teat to verify if the background was correctly subtracted 

In the poorer atatlatlcs apactra. 

In almost «11 tha cases the *«/*_ branching ratio 

could be precisely aaeeured. For the gold target a Coulomb 

excited nuclevr transition overlaps the Kg peak and became 

important below proton energies of about 1.ÍS n*V. The «./«-

ratios were in good agreement with the values reported by 

Salan et «1. (1*?4). Mo Indication of slaultaneoua lonlaationa 

of K, I>. n «ad • shells was uttssrisfl in any of the proton 
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energies. Iffacta largar than II ara not expected (roa the 

theory. 

The background undar tha paaks was aIvay» flat and 

aaay to be taken off. Cara auit be exercieed In obtaining 

the areas of tha K peak alnea tha low energy tall of the 

K. photopaak present undar tha X phofcopeak auat be 

subtracted. In order to obtain the x-ray ylalda produced by 

tha proton lonlasllon of the target atoas, the areas under 

the I and X («ska ware conectad for efficiency 

detection, suaaad over and multiplied by the following 

(K„ + * . ) / ! . ratiosi 1.375 for W, 1.2?* for Au and l.SSt for 
a s a 

U. Errors in tha Kg/Kg ratio» ara supposed to IM less than It. 

Statistical errors In tha KQ ylalda ranged troa 

lass than 1* In the bast statistics spectra up to SI In tha 

case where *a s-raye frea background (0) or Internal conversion 

<w) bacana important. The flooraseance yields hsve bean taken 

from the compilation of Beabynak et al (1973). There la no 

significant difference Between these values and tha anst 

recent ones (Krause 1179) for tha eleaant» of this work. 

rigura 1 shows two spectra of the tungsten s x-rays. 

The lower speetrua was obtalnad at tha lowest Incident energy 

(«50 kev proton baaa) and tha other, with a Much better 

statistics, corresponds to J.75 Hev incident energy. 



.8. 

3. OAT* ANALYSIS AND RESULTS 

When thick targets axe ««ployed the number of obaerved 

x-rays la given by 
t/coea 

N - 3s . * f ."»• «»•/«»•,u» d« (i) 

where 8c la tha product of the acceptance solid angle and tha 
efficiency of detection, n Is the atomic density In the target 
and P la number of Incident protons. The anglas 6 and * are 
formed, respectively, by the beam direction and by the Una 
of sight fxom the beam soot to the detector with respect to 
the normal of the target surface at the point of beam Impact. 
The Impact direction deflr.es the s-axls and t la the thickness 
of the target. In the present experiment 8 - » • «S°. Here 
o U ) is the x-ray production cross section at tha point of 
coordinate s where the energy ta no more the Incident energy 
K, but 

«U> » E, - j SIE) ds (J) 

where S(E) • IdB/dsl la the absolute value of target stopping 

power for projectiles of energy Kit). The absorption coef­

ficient of the target for lta own * rays la v. 

Defining 1^(1,) aa tha x-ray yield registered by 

the detector par Incident proton and y » Oc/4* %* the overall 

detection efficiency, It follows (Cray 1980) that the x-ray 

production cross section when all the Incident partlclea are 

stopped lu the target (t * ») can be written aa 

http://deflr.es
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One* Í„<S|) 1* neaaured, and a Inca SÍBI and « ara 

wall known quantltlaa. tha problem ia th* praela* calculation 

oí th* alop* of T with regard to E,. Our y la Id curvaa ware 

fIt tad with tha following typ* of function 

*„«) » a«»(l+bSa)aicp(-eB"3/J) (4) 

Hour* 2 show* th* quality of tha fit for tha throe 

different targets and gives th* four adjuatable paramatara 

a. b, a and (. Th* root-inean-aquar* deviation» of tha fitted 

yield» fro* th* experimental values »r* It for hu, 2» for w 

and St for U. Tha contribution of the aacond tarn of aquation 

d> la alwaya laaa than It of that of th* firat tern Of 

coura* thl» fitting procedure la an Important auurca f error 

but It la vary coafortabla to reproaent T„(E) by a function 

which can be differentiated analytically. 

Th* stopping power* employed In tha calculation of 

Cg «hot* taken froa tha analytical fittlnga of Andersen and 

llegler <1»77> and Hcntor.egro et al. (19IZ). Tha two aeta 

differ by leaa than II In th* region of Interest. The 

absorption coefficient» war* thoae of Vlegele (1473). 

Th* thickness of th* gold target could not b* 

considered Infinita but It was not thin enough ao that th* 
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oaoal alarlo eorreetlona could ba «ppllad. lutherford 

scattering was used for abaoluta normalisation purposas. 

Calling 8, the «aergy of tiw proton «(tar traversing the 

target Ma cas write, nagleottag fraa tha beginning tha aelf 

absorption of the x-raye. 

is* I, -
(«) 

J£ Pa S dE <Sa) 
*" im S(B) 

and 
»*» (doR<BI/dO) t > «IORIB 

M„ - 0_i_ Pa 1 dl <Sb) 
J«, «« 

for tha where Qpe la tha overall detection efficiency 

scattered protons tin our enerar ranga *„"*>» "„ l* the 

Boater of observed protona and dev/dO is the differential 

Rutherford scatterlag croaa section. 

rroa aquation <Sa) It follows that 

1 « » • . « , > 
Tn ds\ S»,) SO,) dB, 

Than 

«„«.» - <7.«f.) - ^ - J StI.) - g(C..t)/Tn 

(7) 
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Of eourea (or a target «haca th» incident proton 

loaaa all its energy 

in agraanant with aquation U ) if the eelf-ehaorptlon of 

the x-r»y* la not considered. 

Since tha function 9 can ba eonatructed point by 

point fro* the flttod yield curva and the stoppinç power 

curva, it is poisible tx> oalculat*» 
• 

V V - o„«SBl - U/Tn> I gi (81 

whera 9, •> g(E,), q, • 9(8,) and ao forth. 

As « a << I, we hava •>„<•*,> <« °a(
ci> a B d th» 

auMutlon can ue truncated after a relatively «atU 'nuaber 

of ateps. Than 
• 

o_(E ) * (l/-,n) T 9, (») 
x i=l x 

On the othar hand 

iom 1 f*i dE 

% " V " V ¡cr I», •! J, a-siE) 
(10) 

Tha suawltanaoue detarminatlona of Y and y allow» 

ua to writ* 

,«,, - V'VV'1!'"1^!*, U'ilí.l ¡if̂  <"' 
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Fro» tha definition 

t/coae • I dsVSIE) , (13) 
J«» 

i, la easily obtainad In taras of B, and t. alnca a llnaar 

approximation for S (E) la quite satisfactory. Tha Integral 

appearing In aquation (11) can be avaluatad within tha sane 

approslaatlon. 

Tha resulting «.-shell lonlaatlon croa» sections 

axe presented In tabla I and In figura 3 where measured 

values fro» other worka ara alao ahown (anholt 1978a, Ktalya 

at al. 1977. Geclowskl at al. 1»8J). Whenever there «ra 

other published results tha agreement Is usually within 

exparmental uncertainties. 

Soureas of experimental uncertainties are tabulated 

la tabla II. lhe uncertainties in tha ratios of nearby 

cross sections are typically 2/3 of those of the absolute 

cro»? sectlona. 

«. 3XSCISSION AND CONCLUSIONS 

The solid curve presented in figure 3 are standard 

;'NSh calculations (Rice at «1. 1977) with the following 

curreot~ona« 1) the affects of increased binding of the 

K-ahell electron are introduced through reduced variables 

in the P N M according to the m theory (Brandt at al.l9C», 
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Baabaa at al. 1*13, Bal b u at al. 1978), 11) tha raUtlvlitle 

effects which bacoaa Important for hig-i-l^ targets ara 

Incorporated following tha prescriptions of Brandt and 

Uplckl (1J7J), lit) tha effect* of tha deflection and 

deceleration of bombarding partida In tha flald of tha 

target nucleus la deacrlbed by tha analytical expression 

derived by Montenegro and da Pinho (1983) which reproduce* 

tha numerical calculations of Xocbach (1976) for protons 

Incident on gold. Thia tripla cholea deserves same cosraents. 

The adopted binding correction la by far tha aost popular 

one. It is calculated following a per turbativa procedure 

with hydrogenlc non-relativistic wavefunctions. The rela-

tlvistlc correction seems In reasonable agreement with 

recent calculations Mukoyana and Sarkadl 19831 using 

hydroganlc Olrac wavefunctlona. Other available relatlvistic 

corrections presented as Multiplicative factors (Anholt 

1976b and references therein) give results that agree within 

20% with the results of Brandt and Laplck In to» energy 

range considered in this work. Much larger differences can 

be observed between the adopted Coulcab factor and others 

that pan be found In the literatura. These differences can 

be as large as an order of magnitude In vary adiabatlc 

collisions (see Paul 1982 and Kocbach at al. I960), also 

lapertant -la tha order In which these corrections are In-
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trodueed. Firstly the binding energy was corrected. Than 

relatlvlatlc and Coulomb deflection effecta vera calculated 

with e-e modified binding energy but the affective velocity 

resulting from the relativistic correction does not appear 

In the Coulomb factor. 

mowever, many iaportant aapects of the ionization 

by low-velocity lona were not considered. For Instance, 

dipolc and recoil Affects were Ignored. The importance of 

the dipolc amplitude Including recoil for low projectile 

energies was disevssed by «any author* (Kacbach at al. 19B0, 

Sundersen et el. 1982 and Rosei et al. 1982). It was shown 

that In S O T ceses a strong conciliation effect of the 

dlpola taxa due to the recoil can occur. Moreover, since 

the «ffact la «ore pronounced for small projectile lnpact 

parameters it la no* expected that the total crosa sections 

would be significantly modified. 

The wavexur.ctlons of the electron in the Initial 

and final states employed la the standard PWBA calculations 

ara hvdrogealc noa relativlsttc or relativistlc waverunctions. 

the osa of mora realistic relatlviatlc Nartiee-Fock-Slatmr 

wavefunctlona could laiprova the results but does not seem 

responsible for major modifications with respect to 

relatlvistlc hydregenlc wavefuactloaa with an effective charge 
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for heavy atoa* (Trautsvan and Risel i960). 

In addition, there are effects concerning the 

energy loaa of alow projectiles during the inelastic 

lonlaatlon process. On the one bend, tha linlts of inte­

gration usually adopted In the nrtlA calculations are not 

the exact physical H a l t s of Integration given by the «nerejy 

and norasntun conservation lava. Benke and Xropf F1978J 

pointed out the iapcrtance of conaidaring the nxnct limits 

at low projectile energies. The slaulatlon of this effect 

through multiplicative correction factors or through 

effective values of the varíenlas was discussed hy Brandt 

and biplckl <1»81) and by Montenegro et al. (1981), 

respectively. OB the other hand, the Coulomb-dcíXectio-i 

factor involves the variables d, which la tha half-distance 

of closest approach in a head-on collision, ami Q , the 

minian» monentusi transfer for lonlaatlon in units of h. A. 

pointed out by Bang and nansteen (1959) both variables 

must be suitably modified to take into account the energy 

loss of the projectile. These authors proposed the sarou 

prescription usually applied to nuclear Couloab excitation, 

naaely, the syawetrnation of the variables. 

even the strict applicability of the PHBA or SCA 

descrlptlona in the region of extxeae adlabatlclty could be 
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• «tatter of discussion. 

Then the very Impressive agreement between experimental 

and the PWBASRC curves presented In Figure 3 say be partially 

fortuitous. 

In this work the Main effort was to neasure tcnlsation 

cross sections for heavy atoms at incident energies where the 

electron binding energy represents as much as 10% of E,. Of 

course, it it no longer reasonable to disregard, among other 

effects, the so-called «net v-Ioss affects. These effects 

become «ore transparent when we compare figures 4 and 5. In 

figure « our experimental points are plotted against the 

conventional argument *dq,¡;. The abscissa is the experimental 

cross sections divided by the calculated PWBAoR (or PSSn) 

cross sections as described before. Hera C is the binding 

correction factor (Basbas et al. 1978). The ratio ae)g/
<'psSR 

gives the empiric^'. Coulorib-deflection factor which Is 

compare)! with the correction factors proposed by Basbas et 

al «1.973) and by Montenegro and de Pinho (1981). Also shown 

are the results of the numerical integration of Kocbach 

(1976) Tor protons on gold. The approximation suggested by 

Anholt (1978b) Is not shown since it was constructed to fit 

the numerical factor of Kocbach. As expected from figure 3, 

the agreement with the Kocbach's and Montenegro and the 

Pinna's calculations for protons on gold la quite satisfactory. 
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In figura S the exact limita of integration «ara taken Into 

accotint In the calculation of the croea sectiona and the 

factor dqa was nodi(lad following the recipe of Brandt 

and Laplcki (1981) in order to take into account the 

projectlla energy loss in the lnelaatlc collision. The 

consideration of the Inelastic aspect of the collisions 

introduces a considerable dispersion among the points. 

Obviously «onething more la indispensable to recover the 

previous good agreement. The internal consistency of all 

published experimental data, even with measurements performed 

and analyzed In w r y different ways, points-to the need of 

a nore conplete and consistent theoretical description qf 

the whole situation. 

HETERENCE3 

Arcundsen P A 197? J.Phys.Bi At. Hoi. Phya. 10 21/7. 

Andecson H H and Kieglar J F 1977 Hydrogen stopping powers 

and rangea In all elements. P^rganon, New York. 

Anholt R 1978a Phya. Rev. A 17 97*. 

Anholt R 1978b Phys. Rev. A V7 983. 

Baabynek M. Çrasenann B, rink R H, rreund H U, Mark A, Swift 

C 0, Price R E and Venugopala Rao P 1972 Rev. Mod. Phys. 

44 7l(, 



.u. 

Baña J and Banataan J M 1959 Nat. Fya. Hadd. Dan. Vld. Salafc. 

31 no. 11. 

Barros taita C V, da Caatro Parla M V, and da Pinho A G 1977 

PhyS.AaY. A 15 943 

Baabaa G, Brandt w, and laubart H 1971 phya. Bar. A 7 983. 

Baabaa 6. Brandt w. and laubert a 1971 Phya. Me*. A 17. 1*55. 

•anka O and Kropf A 197* At. Data Nucl. Data Tablaa 33 319. 

Brandt V. laubart A and SailInn 1 19C« Phya.Lett. 2¿ 518, 

Brandt M and Laplckl G 1974 Phya. Bar. A 30 4(5 

Brandt N and lapickl G 1901 Phys. Be». A 33 1717. 

da Caatro Faria M V, Pralra Jr P L. da Pinho A G and da 

Silvalra B P 19P3 Phya. Bav. A 38 3370. 

Goclovskl M, Joakola M, Saarypo 3, Bornahoj P and Xal&iny S 

1981 J.Phys.Bi At. Mol. Paya. 1« 3S71 

Gray T j 1900 In Methods of Knparlaantal Phyalca JL7 ed. P 

Richard (Daw York: Acadaaic). 

Gunderaaa R. Banataan J M and Xocbach z< 1903 Nucl. Inst.Math. 

193 «3. 

Juatlaiano E L B, Nadar A A G. da Caatro Parla N V, Barroa 

Lalta C V and da Pinho A.G. 19(0 Phya. Rav. A 21. 73. 

Kaalya H. Iahll K. Sara K. Morlta S and Tawara H 1977 Phys. . 

Raw. A 1* 339S. 

Kocbach Z. 197C Paya. Nor». 8 1S7. 



.19. 

Kocbech L. Hanateen J H «nd Gundaraan II 1980 Nucl.Inst.Neth. 

16» 2*1. 

Krauaa M O 1979 J.Phya. Che», «of. Data S 307. 

Land D J, Brown N D, Slanna D G and arennan G 19(2 Hucl.Inat. 

HUl. 192 53. 

Montenegro X C, am ?lnho A G and Barros Leite c V 1981 J.Phya. 

Bi At.Mol. Phye. It, 1S91. 

Montenegro E C and de Pinho A G 1982 J.Phya.B: At.Mol.Phya. 

15 1521. 

Montenegro £ C, Cruz S A and Varvas-Aburto C 1982 Phya.'«tt. 

92 A 195. 

Htlkoyama T and Sarítadi l 1983 Phya. Aev. A 28 1103. 

Paul U 1980 Muel. Inst. H«th. 169 249. 

Paul n 1982 Nucl. Inct. Math. 19? ij.. 

Paul H and Obanunn H 1983 Nuel. Inat. Math. 214, 15. 

Rica R. Biebaa G and HcDanlal F O 1977 At. Data and Nuri. 

Data Tablas 2J_ SOI. 

alee P. K, aVsDanlal P D, Baabae G and uuçaan J L 1981 Phya. 

Rev. A 24 7iU. 

RÔael T. Trautnann 0 and Baur G 1982 Mud.Inst.Math. 19_2 43. 

Salan S I, Panoselan S h and Krauae R A 1974 At.Data Nucl. 

Data Tablea 14 91. 

31 Iv L A and Banc* I H 1»5«, coefficients of Internal convaralon 



. 20 . 

of Gama Radiation, Academy of Science* of the USSR, 

Moscow-Leningrad. Part I . 

Trautmann D and Hoaal F M80 Sucl Inst . Heth. 16_9 259. 

Velgele N N J 1973 At. Data T«bl»s 5 SI. 



CAPTIONS TO TULES 

Table I - Measured R-ehell ¿onlsatlon eroii section In barns. 

Numbers In p&renthesas indicate powera of 10. See 

table II foe a discussion on the experimental errors. 

Table II - Experimenta) uncertainties. 



« r - 0.957 

Ki (NOV) 

3 . 7 5 

3 . 5 0 
1 .25 

3 . 0 3 
2 . 7 5 

2.SO 
2 .25 

1 . 0 0 
1 .75 

1 . 5 0 

1 .25 
l .uO 
0 90 

0 . 8 0 

0 . 7 2 

0 .6S 

« S , W 

7 . 6 S 1 - 2 ) 

S . 5 3 ( - 2 ) 
4 . 4 6 1 - 2 1 

3 . 3 3 ( - 2 ) 
2 . 3 5 1 - 2 ) 

l , 6 3 ( - 2 ) 
1 . 0 7 < - 2 ) 

6 . 8 6 1 - 3 ) 

3 . 9 7 1 - 3 ) 

2 . 1 0 Í - 3 ) 
9 . 3 9 1 - 4 ) 
2 . 9 2 1 - 4 ) 
1 . 5 0 1 - 4 ) 

6 . 3 8 1 - 5 ) 
2 . 6 2 ( - 5 ) 

9 . 4 2 ( - 6 ) 

1KBLS I 

An 
«^ - 0.964 

E, (MeV) °j[ib> 

3 . 5 0 

3 . 0 0 
2 . 5 0 
2 . 2 5 

2.SO 

1 . 7 5 
1 . 5 0 

1 . 2 5 
1 . 0 0 

0 . 9 0 

0 . 8 2 
P.76 

0 . 7 1 

2 .C01-2) 

1 . 7 5 1 - 2 ) 
9 . 5 9 1 - 3 ) 
6 . 5 4 ( - 3 ) 

4 . 1 0 1 - 3 ) 

2 . 2 9 1 - 3 ) 
1 . 0 9 ( - 3 ) 
4 . 0 0 { - 4 ) 

9 . 2 7 1 - 5 ) 

4 . 0 4 ( - 5 ) 

1 .821-S) 
9 . 1 0 ( - 6 ) 

4 . 4 8 1 - 6 ) 

-K - ° ' 9 7 S 

E,(MeV) aJ<b> 

2 . 7 : 
2 . 5 0 
2 .2S 
2 . 0 0 

1 .80 

1 .50 

1 .40 
1 .30 
1 .20 

1 .10 

3 . 6 9 1 - 3 ) 

2 . 2 8 1 - 3 ) 
1 . 3 2 1 - 3 ) 
6 . 9 8 1 - 4 ) 

3 . 8 9 1 - 4 ) 

1 . 9 6 ( - ' > 
8 . 8 0 Í - 5 ) 
5 . 4 3 < - 5 ) 
3 . 2 0 1 - 5 ) 

1 . 7 1 1 - 5 ) 



TABLE II 

Source 
Range (%> 

< I 

1) Contribution froa internal 

conversion to the x-ray 

yields. 0.5 - 4 

2) Contribution froa the natural 
r a d i o a c t i v i t y of the target 
t o the x-ray y i e l d s . - - < 4 

J i "V , t
0 l

i : r»n<* ln3 zatio. <1 <1 
4) Counting statiatlea and 

background subtraction. 0 . 5 - 3 1-4 
5) nackscatterad psrtirln yields. - < 1 
6) Total c o l l e c t e d charge. <1 <I 
7) OhoertaJJtty in x-ray y i e ld due 

to vnoRttainty la incident 
energy 

8) x-ray detector efficiency. 
9) Btrtxcle detectas: solid ansie. 

Id) Huttierfard differential cross 
section due to uncertainty in 
angle. 

11) Uncertainty in the slaps dr /̂dB 
Total absolute uncertainty. 

2 -

t/i
 

" 

< 7 

«11 

S 2 - 3 

5 

S 

2 . S 

< J 

< 10 

2 - 3 

5-5 

-

„ 

< 12 

< 15 



CAFTTJKS TO FIGURES 

figure 1 - X-ray spectra of W resulting fren proton bowhardaent. 

lhe upper spectrua was obtained at 2.75 NeV proton 

energy and the other with the lowest Incident energy 

baa* (6 SO kaV) we have employed. 

Figure 2 - The fittings of the s-ray yield curves by functions 

of the type »B2(l*bEa)exp(-eK~3/í). The four 

adjustable parameters axe given in the insert. 

Figure 3 - «-shell lonisation cross sections (in barns) versus 

energy (in NeV). See the text for an explanation 

of the solid carves. Symbols key: solid circles, 

this work; W-squares, Goclowskl et al 19831 Au and 

0 - open circles, Kamlya et al 1977 and triangle», 

Anholt l*78a. 

Figure 4 - The abscissa is the Coulomb deflection factor. The 

points are our experimental results divided by 

°PS£R" T h" curves correspond to different calculated 

factors. Rocbach's and Montenegro and the Plnho's 

factorj were calculated for protons on gold. 

Figure 5 - The mew as figure 4 taking into account tne 

inelastic aspect of the collision in o p s s R and In 

the da variable. The variable x is the modified 

idg_c rollowl»_- the prescription of Brand and 

Laplckl H M D . Symbol» and curves are the sane 

as In flgur* 4. 
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