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(i.e.. cl:lsiic.  scxt ICI in:,) wiil lIavc a ial p,c wi(i[ll, wllilc fcatutcs with low  ]csidmd clmi [J,y lI:ivc :1 wid[li

wllic.il  ai)inoadms  lhc cIIc Ip,y simwi  of tllc i]lci(icllt  dcc.tIoII  lICWII  -I.

Si]m {lKXC. atc 110 ftw.ussitlp,  clcIImIts in llIc (ilifl tulm, wc assu!nc that tlIc ]atio @J ofthc

intc]lsity  assoc. iatcd wit]} [III inelastic  fcatutc,  {f,) to that of an c]astic feature (Ic,) is cqudl 10 thcit

c(~]ltsi)()]l(iillp,  lX:S Iatios. ‘1’il:it  is,

1 (l’., ()) 1)(:s, (l’:., [))
A’, (L:(), ()) : ‘

1,, (/’;,,,  o) ‘ )X’’vt, (}::.,  o)
(3)

\vc IISC IIIr sllbsct  i])t i to dct](]tc’.  a lNiI [iculat”  it]clas[ic  clm]tlcl. 1 icl~af[ct,  w will IC.(CI  [o A’j [is tllc.

Scatlcv  il]g il]tcmity ]atio ft)( ciI:IIIi Ici i. atKi ii is lII)(icI  stood 10 h ]c’lativc  to llIc cl:istic  cl I: II II Ici, unless

f)[l IcI w’isc sl:Itcd.  ‘Ihc assull~])tio]]  in cql]aliol]  (3) is valid fcw lk.si(iwll  cmf,ics of fi\v tcIltl  Is of an

cV OI IIlotc.  IIc]ow tha( IiIIIII,c,  IIIC vcty weak  ]wi{~,]lclic. f ields alI(i  jmtdI clcc.l[ic  ficl(is fIOIII Indai

sut fdccs Iq’,in to affcd  tlIc clcctto])  tIajcctoI ics an(i wc cal IIIol l)c cct  lain  that tl)c ciI if[ tube  i s

colicc(ill[’, :111 ofll]c  sc:IL[f:Ic(i  ciccttolw.
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wolk of” I’ichou  d al. (1 976), .loyw cl al. (1 976), II]ut)t  d :il. (] 97’/), l’llillilx ald Wonp, (1981), aid

AllaII  (199?). A Iyl)ical ‘1’olI”  sjwt~wn ml its c(~~Icsl)c)]]cliilf, ctm~~,y loss  SJWCJI UIII a{ 1~~,  : 26.0  CV

is sl)ow) in l;ip,s. 1 a ad 1 b, ]cspcdivc]y. ‘J’IK mcasuld  ]a[ios alc p,ivc]l  in ‘1’al)lc 1.

[ lsilip,  (3), tbc ]masmd inknsily latim wuc cmnbincd wit}] tlx  elastic. I )( :S VtllLICS  [] XXC18,

(90)J Iqmrlcd  by Rc+,istcr ct al. (1 980) 10 yield the 90°1 XX values fbr cxc.itatiol]  of tbc coml)iml

II 2 l~lanifold  [I XIS,I ~ (90)] at e a c h  impact cm:jy. ‘1’llc inclasiic  lKS va]ucs  (iclivcd  by [Iiis

aj)l)foach am mole accutatc than those obltiild  so fat flom Collvcntiona] cl]c]f,y-loss spccha and

colll(l Iw used as sccomiary  stadmis fhl” normalization of ]clativc  anp,ulm distributions of n ?

cxcit:lii(~]]  clossscctic)l]so  btait~c(l  f]om cmvcnticmal  clicrgy-lms spcctl-a. ‘1’hc lK~S,l 1 (90) values

dciivcd  rlc)l~lll~cl~l-cscllt  'l`()]~l~lc:isLll  cll]cJ~ts:ill(l  tl~c:tssc)ci:ttc(l  CJIOI  lil]lits atc:lls(~sllt~~  ll]:iliztc(l  in

‘]’al)]~: ], 'J']lis l:il~lc211s(~c  (~]ltail~sl  )(: S,,2(9())\  `alt]cso lJtailic(lf  ]()ltlc ()ll\~cllti()llalcl  lcr[:}`-l()sss]  )CCtl:l

tt]cawilcd  by 1 lall d al. (1 973), AllaII (1 W?), (lirlwiip,ht d al, (1 99?), and ‘1’I:ijIIIaI ct a!. (1 992) as

WCII as lllcorctical  results from the ?()-state. R-matrix calculations of l;O1l ci al. (1 995) am] tl)c

col]ll  )Iclcl  y convup,cd  close coupling, (ccc.)  calculations of l;ut sa al](i 1 ]ray (1 995). l;O1 complctcmms

tlw ~.las[ic.  1)(1S valtlcs  uscxi it] tl)c prcscmt work and obtailmi b y  intu l~ola[iol~s  iio]]l tl~c

IIIciIsIIl(:llIcmls  of Rc:,is[cr C( al. (1 980) atc also g,ivcm ill ‘1’a[)lc I. ‘1’hc procc.dut  co fol obtainin~, tl]c

cl iot Iil]lits for tlm ])] c.scmt ] mulls have Iwn dcm ibcd above. I;()] O!lW msul(s,  [IN C]IOI limits were

hkcll  fi(ll]l Ihc orip, i]]al l)ublications. All IXXII ~ (90) results aIc also show)  aIId (ol]]pmcd ill l;i~),.

2

‘1’hc! 1)(:s,, ~ (W) WIIUCS  of Allan (1 99?.) seem to convcq:c to the plwctlt ‘Jol; results at

alf)lll]d 24 cV impact clwl g,y al]d al c, within (the ] athcr larp,c.)  m or limits, in a$, t ccIIlcl  It with tlw
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1’01: lncasutcmcnls for Xc were ml I id out at O = 90° h itnpact cmrgics  rmp,ing from 9

to 20 cV. A tyJJicaI cmrgy Joss spcchm  al ] {1, = 12.() CV is S11OWI] in }:ig. 3. ;I’J]c  peak in the 8.3 to

N.f c\J cm.rp,y-loss rcg,ion, dcsigmtcd as Rcgim 1 COrJ-CSJmdS to cxc.ilation  ofthc  lowest two levels

of XI.. ‘1’llc fcdurc  in the 9.4 to 10.6 CV cncrg,y-]oss q,im, dcsi~:t  dcd as Region 11, corresponds

to excitation of IIN next 18 cncrg,y ICVCIS. l;]om the ‘l’O1;  sJmtId,  it was possible to dcclucc the

sca[[cI  illg, itltcnsity  ratios for cxcitat ion of the combined Iwt) Iowc.sl  levels [Rl,2 (90)] at imJJact

cimt p,ics of ICSS  than 15.() cV. At impact cmcrg,ics of 15.0 CV atd almvc, wc could dctcminc  cm] y

IIM. st.:lllcring,  intensity ratios

tw(:l vc fcatlll’cs  [1{,,,,  ,2 (90)].

for cxcitatiol~  of Ihc combined twcvl[y  lowest ]cvds  cxmcsJmnding  to

At these imJmt  cacr:,ics, Wiliz.il]f’,  a collvcmtional  clcctrosl:itic  cmgy-

Ioss sjxxtl  omdcr,  wc dctcrmimd  the relative scattcrinp, intcnsi{ ics for excitation of the combined

two lowest levels with rcsJJcct to the combined  Ilcxl cightccm lcwc]s. l;mm these two mcasmmcnls

w(> t!cducc(i  tlm 1<1+2  (90) values, which ill combination with tllc  I I(XCI:,,  (90°) values of Register d

al. ( I 9X6), yield tlm l)(S, +2 (90) valms. ‘IIK lcwc.1 ancl rcgio]l dcsip,nations  and cxcit:itim) mcrg,ics

(lMI wc arc cxmccrl~cd with arc Jistcd in ‘1’able 2. A summary of [Ilc present cxoss sections and llmsc

awli l:il~lc froln othw’ c.xJxx’imcntal  an(i thcordical works arc sulnlnarimd in ‘1’ab]c 3 ami l:i,g. ~.

Co]nparison  of the prcsmd results with olhcr available data can bc briefly summarized as

9



follows.  Nishimura d al. (1 985, 1994) ad l~ilipovic  d al. (1 988) obhind  1XX14Z (90°) values

basui  0]1 Ilmir mcasurcmcmts  of scat(cring if)tcnsi[y ratios for cxcitalim] of these two Icvc]s an(i

c]astic IXX’S (90°) values, Nishilnua  ct al, (1 985, 1994) usccl dastic  IXX’S (90°) mcasurmi in a

separate cxpcrimcnl (Nishimula d ai., 1987) \vhilc l;ilipovic  d al. (1988)  useci the cl:istic 1)(X’S

(90°) of l{cgistcr  d al. (1987). ]IMcr anti KCSSICI (1 994) also obtained the l) CS, +, (90°) vail!cs by

an absolu(c  lncasurcmcn!  scllcmc. All these ~csl]lts  arc given in ‘1’ab]c 3 with their mm lilni!s.

(Nishin~llI a d al. {ii(i  not specify the error limits.) ‘Ilmor-ctical  results arc availab]c  from firsl m(icr

many lmiy  (Khakcm  d a]. ] 996), (iistor[cci wave (]lartschat and Ma(iison  ] 987, 1992 a ami b, ami

199S) al)(i relativistic ciistortcci  \vavc (7,uo c! ai. 1991, 1992 a and b) calculations. As can bc seen

fro]u ‘1’ab](! q ami ]:ig,.  4, there arc ]ar~c (iiscrcpancics  among  !hc cxpcrimcn!a] rcsu]!s ami bctwccn

cxpcJ  inm! an(i theory. NOIIC of the Ihcorctic.ai a]p’oachcs (iiscussc(i  here arc Ic]iab]c  at low impact

cnuy,ics. 1! \voul(i  bc valuab]c  to tally out calculations in this energy range basc(i  011 lhc C1OSC

coul)ling mctlmi.

‘1’IN pmcwt 1X%1,2 (90°) vaiucs rcprcscn! a sip,nificant  improvcmcn!  in the crro[ I imits ald

fills ti]c p,ap bctwccn Iilc thrcshol(i ami 15 cV impad  energy range. ‘1’hcy COul(i  scI\~c as Smmciary

slan(iads  fol normaii7.ing, il]clas(ic  1 )(;S (0) curves. ln(iccci this was (ionc by Khkoo  d al. (1996a)

to obtaitl absolu!c 1 XXl,  t (0) vaimx at 10, 15 ami 20 c\~ imJ3acl mcrg,ics over the 0° !0 135 c’ an{~ular

raHgc a~](i witil tilcsc in turn 1 XX (()) va]ucs for cxcita(im of the l]cxt 18 states in Xc (Klmkoo ct al.

1996[)).
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.33 N jl I-Op,CI)

III tbc case of’Nz, ‘1’C)I:  mcasurcmmits were carried out at O ‘ 90° at impact cmrg,ics rmp,ing

flon} 7.() CV to 20.0 cV. ‘1’hc pmscnt  ‘l’O1; method can not resolve individual electronic traasiticms

but o]ily rcp,ions of lhc cwq,y-loss  spcclra which corrcspoml  to scvcrd  ovcr]apping  electronic

hallsilions and their vibrational band shmturcs. ‘1’hcsc qions ad tbc cormsponclinp, clcctmnic

s[alcs arc listd in ‘J’ab]c 4 and arc showl) in a typical cncrgjy loss spccttm.n in l;i~.  5. Region 1

cx(ci~(lsfr{)l~~6.5to  ]0.8cVcl~crg,y  l()ssal~(l  c()l~taillss  c\~ct~c lccllc)l]icst  atccxcit:iti(Jlls(A  3X~, ]1311}:,

W~{A,,,a  llI~,w] Au,a’]Xua l~[l]l’3X~,).  Asccc)l\(l g,to~ll~()f  cxcitatiol~  fcatllrcs a]~l~cars  il)tl~c'l'()l:

Sl)CC,(Ia ii] t]lc ]().8 to ]2.4 CV cl]~rgy-]oss  ranp,c which wc dcsig,natc as Region  11. “1’his  feature

1>:’ slates. At 14 CV c)rl~ig,l)crit~l]~:ic.t  ct~crp,ics,(:{~tll ail]stllc cxcitatioll  oflllc  C:311,,, l{3)l~, amia” ~.

ii (hid  fcaturcappcars  in the 12.4 to 13.5 CV cncrp,y-]oss rc~, ion which \vc dcsi~:natc  as Rcgioll  111.

'll}isf  c:~[llrcc oIltaillst  llccxcitatiol\s(  )fci~,lltc  lcclr()llics talcs(l~ll  l,,l)3X ~,,(i31 lL,,c'llu,c'  lZ~l,l:

3]l(,,tJ1]]utill(lb’  lX~,). 'l`\\`[) :i(i(litiol~al  fcatLltcs:  t]~]~cari l~tl~cr l'()l:s J~cctraa tl~igliclil  ~~]J~ictct~cr~:ics

l)llltllc lclati\~c scatlcrillgi  t]lcllsitics: iss()ci:itc(l\\ 'itl]tl  lclllca till C){lJcll  lcallillgflllly  c\`:tlLlatcCl.  l;rom

tllc’I’ol:s  ]>cctra\ vc(lctcrllliflc(l thcscatlclinp  iiltcnsityratim  f[)t l<c~iollsl,ll,:ill(l  111 withincrror

lillli(s (Jf:15°A, 315 YO, a11(i 50 Y0,1cspcctivcly. “J’hcscmtios  arc given in ‘J’ab]c 5 ad in l:ig,. 6 at

ilnImct c.llcrp,ics  r:tl~:,it~g,  fr(~l~l  7.5102 O.OCV.

L]tilixinp, hc 90° elastic 1 XX results of’ Shyn ad (:at if,iian (1 980), \vc convcrlcd  the ‘l’O1;

tat ios to 1 XXI (90) and 1 XXll (90) va]ucs  corresponding to excitation of the combi]~c(i  electronic

states contained in Ihcsc rcp,ions. III doing these convcrsio]]s,  wc look tbc intensity ratios to bc ccpal

11



(0 tllc corrqmncting  IXS ratios  ad  nc:,lcctcd possible conlritmlions  to the. elastic feature in the

‘1’01: slmtta  froln pure vibrational excitations. “1 ‘hcsc assumptio]]s  arc wcl] justified based on the

‘l’O1; llwtlml  (1 c Clair  ct al., 1 996) ad on the vibrational excitation cress sections as lllc.aswcd by

‘1’allaka  d al. (1981). “J’hc lXXj (90) and IXX1[ (90) values and associated clror limits arc also listed

in ‘1’able 5. A comparison ofthc  present 1 XXI (90) ad lXYSJI (90) rwlts to tbosc obtaincct  from the

mcasmcmcnts  of Car{wrig,hl  cl al. (1 977) and IIrunp,cr  and ‘1’cabncr ( 1 990) is given in ‘1’able 6 ad

shown in l;i[:s. 7 a and b. I’lmsc authors (tctcrmincd  the relative IICS’s awciatcd  with excitation

of individual ICVCIS of Nz from convcntiona]  cmcrp,y-loss  spcc.lra by unfhlding  techniques similar to

Ouls+ ( :ar[wri[:ht  ct al. (1 977) normalized the relative iuclastic  1 XX’s to the dastic  IXX’s of

Srivastava  ct al. (1 976). ‘1’rajmar  ct al. (1 983) rcnormalid  the il)clastic  1 XX’S based cm a scmlcwhat

im])mvcd claslic  N~ 1X3 s e t . W C USCC1 these rcnormaliml  inelastic IXX’S in ll]c present

cO1l’l]J:lI’isolls.” IIrmgcr and ‘1’cubncr utilized their own elastic 1 X X’s for normalization. ‘1’hc error

csti]lmtion is somewhat subjective (no rig,orom  proccdurc  can k q)plicd)  and some authors arc more

c.ollscrvat  ivc tl~an otl)crs. ‘1’hc error limits given in ‘I”ablc 6 WCIC obtained from the COI rcsponcjing

palwrs and they ilwlwic the estimated errors fbr the scattering intensity r;itio mcasurclncnt  as well

as tllc c] Iors associated with the elastic 1)(31s. (1’hc ctcconvolu[ion  c1 mls \vcrc not considclcci here,

since wc arc dealing with the c.ombincd  inelastic ]mc.csscs in an energy-loss lcgiono It call bc seen

frol II l;i~,s.  7 a ald b that the rcsHlts obtainccl  by various rcscarchcrs dif~cr substantial y and that the

cl-ror lilllits  arc large. ‘J’hc two c.ol]vcntional  mcasurcmcnts  ag,rcc in p)cncral within these large cmr

Iilllits hut in most cases do not overlap with the ‘1’01: results within tllc combincct  error limits.

Rcc,cnt  mcasurcmcnts by Y,obc] et al. (1996a) yielded inc]astic 1 x3’s at i~~~pact  cl~crgics  ranging

froln 0.1 to 3.7 cV above tbrcshold.  ‘1’hcsc mcasurcmcnts  wmc earl icct out at constant rcsictuai
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cmvgics  and utilizccl  the Hear-lhrcslm]d ionization bchavim of 1 lc for calibrating the instrmnc]ll

function. It is not fcdsiblc 10 cx(ract  1 XYSI (90) and 1 X~S1l (90) valms  flom tlmc cxpcrimults

(l;]:lt~ck-(;()]l(lo]]  factors n)ay not apply, thm arc (iifficultics associated with g,cmcratinp,  all indivi(iual

clcdrwlic  state excitation cross sections at fixed impact cmrgics from the fixd residual energy Ciatil,

Ctc.).

III order to obt:iin abso]utc  (Ii ffcrcntiai  cross scc.tions  for cxcitaticm of individual electronic

find vi bl-ational  levels at 90°, bad on ‘l’O1;  no:malintion,  onc ncccls cmvcntional  energy-loss

spectra with sufficient resolution to yiclct  relative sc.attcritl[:  intcnsilics  for these imiividwil

excitations. ‘I’hcsc rclativc intensities c:il~tl~cl~  t~cco~~lbil~ccl  \~'itll  tl]cabsollltc  l)(;S\~al~lcs ot~tail~ccl

by tllc ‘l”O1; mcthd for tlw corresponding energy-lms region. ‘1’0 dcmcmstratc  this ]mccdurc,  wc

l>lo(l~lccdco  llvclltic~l]:il ctlclg,y-l(Jsss 13cctraa tafc\\~i lll]3actcllcrg,ics  at 90° sc:ittcring,  ang,]c(c.ft.

l~i~,.8) ~illcldcclllcc(l:iljs()  l~ltcllC:S's  f()rcxcitatiol~  oftllcA  3X~,alldC  ~3Ilust:ltcs()fNz.  Imporlant

cc)lll]JzllisollsaT  lclcllccksc:  illtllcll  t>clll;i(lc  to(lata ot~taillc(l  llycc)]lvclltiollal llc)lf]lali~.:ilic)ll  mctlds

illclll[ii  llgttloscof~,ol)cl  ct til. (1996a).

l:orthc  A 3>;~, stale cxcitatiol),  IXX (90) values summed overall vibr:itional  ICVCIS atc

:l\~:lil:lt>lcflolll  Car{wri[),ht  ct al. (19”/  7)/rl’liljl]larct al. (1984 ),aml IIrungcr and ‘1’cublmr  (1990). In

these works the validity of tllc llolll-01J]3cllllcilllcr adiabatic nuc.]car scpalation  plincip]c  was

assumcct  and l~ral~c.k-(:c)l~(lol~  factors WCIC  USC.C1  in thcunfbl(iinp,  of the cncrg,y-loss spcctla. Wc can,

the.rcforc, gcncratc  1 XX’S for individual vibrational bad excitations in these two cases. 7Jobcl  d

al. (1996a) proclucccl  energy-loss spectra with constant rcsictwtl  mcrgics (corrqonclinp,  10 different

13



impat:i cncrgim for cacb energy-]oss valm). Simc the mcaswcn]cnts \vcrc carried out at many

rcsidwil cncrgics, cross scc.tions at fixed impact c.mrg,ics  can bc mlractcct from their mcasurcmcnts.

I lowcvcr, their mcasurcmmts  were carried out at mar  tlmshold  itnpact cmrgics  and one cannot

assmm the applicability of l;r:tllck-(;oll(ioll  factors in this region, ‘1 ‘lIcy rqmrtcd 1 XX’s for excitation

oftlm  A 3X~l (V = 4,5,6) and A 3X~l  (V = 6) ICVCIS.

f hcrgy loss features up to v = 6 for the A 3X;, state arc Imt ovcrlapp.cd  by other  transitions

in the c.onvcnticma]  cmrgy-loss  spectra anti  arc clcarl y resolved. ‘J’hcrcforc,  the uncertainties

associatcci  with the unfolding proc.cxiurc  arc cli minatcd. ‘1’hc IXX’S for excitation of the v = 6 and

the cm]bincd v L 4,5,6 lCVCIS dctcrmincci in the present work ale compared with those rcporhd  by

Z,obei [:t ai., and obtainc(i  from the results of IInmgcr ami ‘J’cubncr  anti Carlwright ct al. / “1’rajmar

d a]. i]) l~i~:s. 9 a and b ancl summarizui  in ‘1’able 7. ‘1’hc present rcsu]ts arc comistc-mt with and

co Inj}lc.  Jncnt those of Y.obcl  ct al. ‘1’hc values derived from the data of C.artwright  c.t al. / ‘1’rajmar ct

al. arc in a.grccmcnt  with tlm present rcsuits within the rather lar~,c error limits while those of

llrungcr  and ‘1’cubncr  arc not,

Results obtained fbr IIN C 3]],, state recitations, witt~ similar prmcdurcs  as clcsuibccl  above

for tllc A 3X~l state, are summariz,cd  in ‘1’able 8 and cmmparcd with each othc.r in l~igs 10 for

excitation of the combinccl  v T (), 1, N](I 2 lCVCIS.  ‘Ihc various results arc consistent within the rather

large error limits cxccpt  the 15 and 17.5 CV rmwlts of ]Irungcr and “1’cubncr.  (ln this case tlm

Convcl sion of the IXX (90) va]ucs obtaimxi by 7,0bcl ct al. for v = 0,1,2 can be confidently

con\Tu [cd to tbosc  for all v since the sut~)n~cxi l~lallck-~;c)~~(ioll  factors for v = 0,1,2 is 0.96).
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3.4 CaI bon Momxidc

l~or (X), wc carried out ‘1’~)1~ mcasurcmcnts  at 90° anp,]c for impact mcrgics  ranging from

6.5 to I 5.0 cV. ‘1’ypica]  energy-lms spectra arc shown in l;i~.  11. ‘1 ‘IN first feature cmmponds  to

mc.itation  of tbc a 3]] state (in the 6.8 to 7.3 CV energy-loss region, designated as Region 1). ‘J’hc

sccmd  fcatm-c, \vhich appears notic.cably above 10 CV impact cncrg,ics, is dominated by excitation

of tllc A 111 lCVCI but minor contributions from the a 3X’, d 3A, c 3X- ancl 1 ‘Z- excitations arc also

prcsu~t,  ‘Ibis feature extends from about 7.6 CV to 10.0 CV energy loss and is dcsiguatcd  as Rcgicm

11. l<c~,ion 1 is clearly separated from Rcp,ion 11 at I;O <10.0  cV. At higher cncrgics  these regions

ovcIlap  and unfolding  is rcqui] ccl h dctcrminc  scattering intcnsit  ics for individual rcgic)ns.  l;rom

the ‘J’(11~ spectra, wc dctcrmincd the scattering intensities ratios associated with Regions 1 and 11 (RI

and 1{11, rcspcctivcly). Utili~,ing  the elastic 1)(1S values  mcaswc.d  by Gibson ct al. (199S), and

cquatioll  (3), wc obtained 1 )(:S1s for excitation of the a 311 and A 111 states. Some of tl]csc results

conccrninp, RI at](i IXS’S fol excitation ofthc  a 3]1 state have bccll  prcscntcd  in our paper clcscribing

tllc ‘1’01: lnctlmd  (1 ,cClair cl al., 1996). All tllc ratio and IXX values obtainccl from the present

lncasut  cmm~ts, as WCII as froln other mcasarcmcnts and theories, arc summarized in ‘1’ab]cs 9 and

10 al]d comparisons arc made in l~igurcs  12 and 13.

‘1’hc results conccrnill~,  the excitation ofthc  a 311 c]cctronic  stale arc Jwcscntcd  and compared

with otl]cr available ciata in ‘1’able 9 and l~ig.  12. 1 hpcrimcntal results arc available for comparison

\vitl~  tlw present rcsu]ts from Micidlcton ct al. (1 993) and Z.obcl  ct al. (1996 b). Altbougb  Zobc] ct

al. mcasurccl tbc cross sections associated with excitation ofthc lowest six vibrational lCVCIS  ofthc

15



a 31i state, their rcsulls caa k considered to bc equivalent to tliosc Cmrcspcmlinp, to excitation of all

vih atiolla] levels since cxcitat ion of the lowest six vibrational levels rcprcscnt  99.’2°/0 of the total

cxcita(ion  based on l:r:il~ck.-(.:ollciol~ fiictors (Cartwrigbt,  19’72). “1’hcorcticat  rcsulfs arc availab]c

fro~u S~m ct al. (1 992) based on Schwingcr  multichannel variational calculations. I!xccllcnt

af{ycclncnt prevails for all cxpcrimcntal  data but the lhcorctical  values arc too large at 1 j > 10 cV.

Rcsu]h conccming  excitation ofthc  combined six electronic states inmlvcd  in feature 11 in

the ‘J ‘O]; spectra arc summarized in ‘J’ab]c 1(1 and liig. 13. Rcsu]ts for excitation of tl~c A 111

clcctlonic  state alone arc also given for comparison. I’hc 90° I X X values oblaincd for Region 11 and

fm excitation ofthc A ‘II state in the various investigations arc ill agrccmcnt  with the combined error

bals.

4. S~ltnlnary  and Conclusions

11 has been dcmons[ratcd  that electron “l’O1; spectroscopy can bc utilized for obtaining

absolute 1 lCS’s for excitation proccsscs  at low electron imp:ict cncrgics. Altllougl]  tl~c energy

rcso] ut ion of our ‘l’O1; apparatus was not sufficient to resolve it di vi(lual  clcchmic. t rmsit ions, it can

bc colnbincd  with col]vcntional  energy-loss spectroscopy (which is capable of hi:j,bcr energy

rcsollu[ion) to extract  absolute 1 XX’S for many more inclividwd excitations. ‘1 ‘hc ‘1’01: method is

al) I)licablc in the impact energy region from threshold to about 10 to 20 CV above threshold

dcJwtlding  on the structure of tllc energy-]oss spectrum. “1’l}is is a very importan[  rc{{ion  since

16



mctlmcls  based on near thrcsho](i  ionization of 1 IC (Iikc Zobcl  ct al,, 1996 b) arc litnitcd  to within

3 CV above Ihrcshold  ancl the troublesome cffccl of rcsidua]  cllcrgy  dcpcndcncc  of lhc instrument

response function for conventional electron inlJJacl  spcctronlctcls  diminishes to ncgligib]c  limits

ol)ly at impact cncrgics  of about 20 cV above threshold. ‘1’hc ‘1’OI; method thus fills the gap for

absolulc  I XX mcasurcmcnts.

“l”hc ‘J’OI;  calibration method was dmonstratcd  for 1 Ic, Xc, Nz and Q. In general, tbc ‘1’CIF

rcsu Its :irc consistent with other available ciata at tllc  1 lighcr  and near-threshold impact cncrgics.  ‘1 ‘hc

availab]c  data arc rather limited and arc assmiatccl with Iargc error limits. ‘1’hc ‘1’01; approach

rcpl cscllts  a considerable improvement in the accuracy of the IXX’S and is more practical at near

thrcslml(l  impact cncrgics  than the method of Zobcl ct al. (1996 b). Further improvements in the

mugy ]csolulion  our apparatus is desirable. It requires the application of an energy sclcctccl  initial

clcctro~~  bcanl (which comes with sacrifice in llm signal levels). Such an effort is in progress in our

I:iboratory.  ‘1’here is need for more rc]iablc thcorctica]  rcsu]ts to extend the ra]~gc of cxpcrimcntal

dfila to wiclcr energy and angular ranges and to p,uidc the dcductioJl of ~’,CIICral trCdS  and Consistency

fhr the I )( 3’s dfita  base.
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-,, <L.. d :68 & 8.4
2!.s 166 A 8.3
22.0 165 *8.3
22.2 162+ 8.1 5.50 + 0.10 8.91 + 0.4s
23.2 154+ 7.7 .
24.0 1’47 * 7.4 4.75 + 0.10 6.98 + 0.3S
24.2 146 ti 7.3 -
25.8 135+ 8.1 -
26.0 133 & 8.0 4.75 & ().:5 6.32 = 0.42
27.3 126 + 7.6
28.4 127+8.8 -4.62 + 0.15 5,59 + (),42
29.2 116+ 7.0 -
30.0 112+7.s 4.61 & 0.20 5.:6=0.42
31.2 106+ 6.4 -
39.2 73 & 4.4 -
40.0 71 +4.3
48,2 54 & 2.7
~g,c TJ=~.;

5.87=2.05
6.12+2.14
6.43 & 2.25
6.77 ? 2.;7
6.96 h 2.44

.

.

178.4

5.!0

158.0
]46,5

4.99
4.91

6.44 ‘4.7:
8.99

5.98 + 1.20
6.78 4.99

5.69
4.31

3.40 & 0.54

:.822.88
2.80 = 0.50

~a,: All DCS are in 10-’5 crnJ/sr  unJ:s

I  Regis ter  et  a l . (~980) 6 Cartwright  et al. (1992) -  F@MBT
2 Present results Trajmar et al. (1992) -  FOMBT
3 Cartwright et aL (1992) 7 Fen e: aL (1995) - 29 state cc
4 Akn (1992) 8 Fursa and Bray (1995) - WC :
5 Hall et aI. (1973)

-  Exp.
-  Exp.
-  Exp.
-  EXP.

Exp.



‘1’able 2. Ehmmiry  of lCVCI  and  Icgim dcsignfitio~~s  and cxcitaticm mcrgics  for Xc.

-—.——.——- .-. —— .— . . .. ——-___ . .._ .._ ______ “.. ._. _____

I.cvcl 1 .Cvcl i{ncrgy
No. I>csignation (Cv)

(Moore)

— . _ . — . . . . . — — — _ ——. - .- .—.. .——. -.. — . . . . . _____

o

I

2

3

4
5

6
7

8
9

10
11

12
13
14

15

16

17

18

19
2.0

—.—— .—. .—. -— —. —— _____

Spc ‘so

6s [’/2]2

6s [’/J,

6s’ [l/JO

6s’ [l/J,
6p [l/Jl

6p [s/Jz
6p [s/2]3

6p [’/J1
6p [’/t]z

Sd [l/JO
Sd [)/z],

6p [{/z],
5d [7/J~
5d [3/Jz

5CI [’/2],

5d [s/z]]

Sd [3/2],

7s [’/2]2

7s [’/2],

0.000

8.315

8.437

9.447

9.570
9.580

9.686
9.72 I

9.789
9.821

9.891
9.917

9.934
9.943
9.959

10.039

10.159

10.220

10.401

10.562
10.593/

.—. —. —“.__—_ -.—. ——- .—. — . .. ——. _z
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‘1’iihlc  4.

. . . .

:Icxtmnic  CXCitCCI  states of N~ obscrvccl in ‘1’01/ spectra.

—-——. . .. —..- -—. — .— —.. . . . . . .——_—  — —.- . . ..-_

States
. . . . . .. ———. ———. .-

A ‘>::,

11 ‘Hg

W’A”

11’ ‘x;

a’ ‘~;

a llIH

m’ ‘A”

c ’11”

Ii ‘x:

a“ lx; (only v=O)

t) ’11”

G ’11”

I) ’x:l

c ’11”

c’ ‘X:l

r ‘11,,

o ’11”

1)’ ‘x:,
..— . .._ ———-— —_ —-. . .——

Rcgiom

6.17

7.35

7.36

8.16

8.40

8.55

8.89

1.03

1.88

2.25

2.58

2.84

II

111

12.81

12.91

12.94

12.98

13.10

13.22
— — ,. . -—. ——— ._— —



l’able 5. Summary of (Iic present ‘1’{)1~ inclas(ic to clas(ic intensity ratios for N2 and IICS’S derived flom
thcm. ‘1’hc l)(’scl,,,ic (90) values used arc also given.

.——. .- .--. ___ . -. ___ ——. . .—— —.. ——. —_— ______ . . ._ .,___ ——— ..— . .._

Ioox(R) J{l (90)

-—- ——. — . ..-— —-

100X Ioox 1 )(:s,,8, (90)(a) 1)(:s, (90) Ix%,, (90)
R,, (90) R,,, (90) (10’” cm’ / Sr’)

. . ..__ ——. — .. ——-— .—— —.-.  — ..-. _

7.5
8.0
8.5
9.0
9.5

10.0
10.s
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0

l;l”r 01

0.87
2.42
4.61
6.81
9.95
13.2
16.7
19.0
19.6
19.9
20. I
20.5
21.0
22.1
23.3
24.1
25.4
25.9
26.2
26.0
25.7
25.3
25.1
24.4
24.3
24.1

4 So/o

4.02
7.54
10.2
10.3
9.71
9.4 I
8.94
8.29
7.96
8.10
8.10
8.56
8.66
8.48
8.00

I 1 50/0

2.07
2.85
4.35
4.14
4.11
4.70
4.97
5.70
S.8
594

5.8
7.04
7.’20

~ SOD/o

57.0
53.()
49.0
45.0
42.5
39.0
37.0
35.0
33.0
31.5
30.0
28.5
27.5
26.0
25.0
24.0
23.5
22.6
22.0
21.5
21.0
20.0
19.6
19.2
18.9
18.5

:1 I 5%

0.50
1.28
2.26
3.06
4.23
5.15
6.18

.,6.65
6.47
6.27
6.03
5.84
5.78
5.75
5.83
5.78
5.97
5.85
5.76
5.59
5.40
5.06
4.92
4.68
4.59
4.46

4 160/0

1.15
2.07
2.65
2.58
2.33
2.21
2.02
1.82
1.71
1.70
1.62
1.68
1.66
1.60
1.48

+ 2]%0

.—— . -,. ..—. — . .- ...,. ,_-

‘n)’I’ll  C I )C;S,l,,,i, (90) valtlcs  wrc ol)tainrxi by intcrpolat  ion from the measured WILICS  of Shyn arrd Cal ig,rlan (1 980).



‘1’ab]c 6. (kmparison  of present ‘1’01; IXX, (90) and IX~Sll (90) results for Nz with those obtained fron)

pl cvious  energy-loss spectra mcasul ccl by conventional electrostatic spcctromctcrs.
(All I)CS’S in 10-]8 CIn2 / sr units.)t’)

- . .. . . . . . . . .— . —.—-  .- .——. ___ —_______  ._. _~—-——— .

110 (Cv) I)CS, (90) 1X3,, (90)
1 2 3 I 2 3

——-——.—— — — . _________ ._ . . ___

10.0 5.09 5.15
12.s 10.77 6.03
15.0 10.38 13.70 5.78 3.73 4.90 2.33
I 7.() 8.09 5.59 2.11 1.“11
17.5 11.38 5.40 3.84 1.70
20 () 1.20 1.37 4.46 1.20 1.37 1.48

.

I ‘h 101s + 30%0 :1 ] To/o + 160/0 + 300/0 4 170/o 4 21%0

———. ——.. . . .— —— ._. — .— _ ,___. —_ ___ -- ——... - —— .-. —. —-

“) I Carlwright  ct al, (1977)/ “1’rajlnar d al. (1983). .
2. 1{1 urlgcr and I’cubrrcr  (1 990)
3. l’resent l’or~



Tab~e  7. Summary of DCS (90) values for excitation of tlhe A ‘z; state in Xz, The vibrational levels considered for the A ‘z; state are indicated.

7.:0
7.s0
s.~()
8.6
9.00
9.50
9.80
10.0
10.5
12.0
12.5
:4.8

1~.(.)

17.0
~~.~

20.0
29.7

0.023
0.051
0.060

0.12?
0.1s3
0.1s1
0.172
0.132

0.080
0.145
0.185
0.300
0.574
0.465
0.466
0.418
0.351

0.32 -

1,5
(0:12) (0.29) 1.4s

(1.59)
(0.12) (0.30)

0.29 :
0.29 -

{1.42)
(1.45)(0.16)

(0.16)
(0.06!) (0.15)

.
1.9s
1.9i

(0.39)
(0.3s)

0.74

(0.34)
(0.046)

1.70
0.23

((). ]4)
(0.019)(0.ilso) (0.19)

.-
0.9’7

0.0s 0.21

Error k 35% + 200/0 = 200/0 + 20% - l~fyo— & 24’?/0 k 200/0

(1) Cartwright  et al. (1977)/ Trajmar et al. (19S3) (5) Mazeau  et al. (1972)
(2) Brunger-Teubner (1990) Values  in parenthesis were o~ained from original data using Fr&nck-Condon  factors.
(~) present TOF L EELS

s

(4) Zobel et aI. (1996)



Table 8. Summary of DCS (90) values  for excitation of the C ‘~ state in X2. The vibrational IeveIs considered for the C ‘II., s+~te are
indicated.

DCS (90J in 10-:8 cm2 / sr units—.. .— . . . . . . . . .——. _ . . . . . . . _. ______ ____ ---
r-~

— _ _ _ _ _ _“=? V= ().:.2 ail v

(eV) (1) (2) (3) (4) (~) (2) 3 (4) ~) (2)
– m - - - - - .—— —>

11.60 - - - o.~()~
12.0 - - i 0.14 0.162
1 2 , 5 0 ’  - : - , - 0.311
13.00 - - : - 0.691
1.4.0
14.8  -
1~.o (!.89)
17.0 (1.01)
I ~.~
20.0 ~ (0;5)
20.7 -

-“. 1 . 6 1 6
1.14 :.52s

(2.52)  ; ~]o . (3.32)
(:.7s)

(1.97) : - -
(0.59) , - - (0;6)

o.~~ - -

(4.42)

Q.46]
(1.04)

0.23

2.!3

2.09

i .04

0.172
0.266
0.475
0.884
2.6S7
2.ss0

- ?.46 4.60
1.s5 -

3.60
. 1.00 1.08
. -

(o. 179)
0.24 (o.277)

(0.493)
(0.921)

.- (2.799)
2.26 (3.000)
2.21 -

(1) Cartwri@ et aI. (1977)  / Trahnar  et d. (1 9S3)
(2) Brmger and Teubner  (1990)
(3) Present TOF ~ EELS
(4) Zo!?e! et a!. (1996)

Values in p~rentllesis  were o!xained flom original data by using Fmnck-Condon  factors.
.



‘1’rlblc  9. Sumtnary of inelastic  to elastic scattering intensity ratios and I JCS valmx for cxcilalion  of the a 311 state of U) at
90° scattering ang,lc. Ior coml)lc[cncss  the elastic I)CS values arc also given. All 1X3’S arc in 10-18  cmz / sr units

1:0 (Cv) 1 Oox f{,(’)

6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13”5
14.0
14.5
15.0
16.5
18.0
20.0
22.0
25.0
30.0
40.0
50.0

1 imr

—. —.- ..—. . .

4.03 (0.30)
7.58 (0.07)

11.50 (0.20)
15.70 (0.20)
18.90 (0.50)
20.90 (0.80)
20.40 (0.S0)
18.40  (0.70)
16.20 (0.70)
13.90 (0.60)
11.60 (0.50)
10.80 (0.50)
9.81 (0.50)
9.17 (0.50)
8.79 (0.50)
8.37 (0.60)
8.33 (0.70)
8.23 (0.80)

.-

——— .—_.  ——— — _____

lKS a ’11 (90)
1)(:s,, (90)(”) I 2 3 4

-.. .- ——.. ___-.  — . . . . .————-.. _. .. —— ___ .— ___ ._

66.0’ 2.66 2.5 4.50
60.0* 4.55 4.2 6.00
54.2 6.24 5.3
49.5* 7.77 6.4 7.41
45.8* 8.66 8.0
42.9 8.97 8.9 8.84
40.5’ 8.24 8.6
38.7* 7.1’2 11.91
38.1* 6.17 +, - 12.05
37.6 5.23
36.7* 4.26 9.98
35.5 3.83
34.0* 3.34 8.03
32.7 3.00
31.7* 2.79 7.02
30.9 2.59
29.7* 2.47
28.6 2.35 5.46

4.33
3.91

1.51 3.26

2.41
0.83 1.98
0.36
0.23

~ To/o d 1 00/0 I 24 ‘/o + 250/0

.——-. ——_—. .—— .-. —. .- . . ..— —

‘a)’l’hc nulabcrs  in parcntbesis  give tl}c crf w limits (:1) for eacl~ mcasurcmcnt,
@J”I’jlc  elastic ~0” ])CS values arc froth Gibson  ct al. (I 995). “Jhc values denoted by *bavc been obtained by intq~olation.

(1) Prcse[lt  ‘1’01’
(2) ~ObCl Ct al. (1 996)
(3) Midcilcton  ct al. (1993)
(4) S(III et al. (1 992)



‘1’able 10. Slltnmary  of inelastic to elastic scattciing  intensity ratios and lX;S vahcs for excitation of tbc six electronic states
cm~tributing  to fcatore  11 and for tbc A ‘II sta(c at O = 90° for CO. All lKS’S arc in 10-1*  cn12 / st units,

. . ,... _—. —— .—.. . . —_ —____ _____________ _____ —— . .._ —— _.. .

I)cs,, (90) IICS A ‘][ (90)
Ii. (Cv) 1 Oox 1$$) I )Csc, (90)@) (1) (3) (q(d) (2) (3) (4)

(1)-.. .. ——. — .—. - . . . . ._ ——. . . ..— _ ._

8.25
8.50
9.0
9.5
10.0
10.5
11.0
11.5
11.75
12.0
12.5
13.0
13.5
14.0
14.5
15.0
20.0
30.0
40.0
50.0

0.07
0.17
0.51
0.92
1.51
1.71
1.98
2.55
2.7%

.

1.66
I .73
0.80
0.58

f 25

3.8 (0.6)
6.6 (0.6)
8.3 (0.7)
11.0 (0.9)
13.7(1.1)

16.3 (1.3)
19.5 (1 .6)
22.2 (2.2)
25.2 (2.5)
29.6 (3.0)
31.3 (3.1)
34,0 (3.4)

40.5”
38.7*
38.1*
37.6
36.7*

I ,54(’)
?.55
3.16
4.14
S.03

5.79
6.63
7.26
7.99
9,]5
9.30
9.72

2.3 1.49

35.5
34.0+
32.7
31.7*
30.9
29.7*
28.6

2.30

7.7 3.55
2.26
2.34
1.12
0.85

}lrror ‘A I ]6

..— -——..-.——— ——. . . ——_ ._-— .— —.. ._. — . . _____

“) Ihc Ilornbcl-s in parcntbcsis  give tllc ctlor Iilnits  (~) for eaclI data point.
@) ‘1’hc claslic I)CS (9o) values arc from Gibson  C( al. (1995). ‘1’bc valoes  denoted by * bavc been obtained by interpolation.
(c) ‘1’lIC ~~ror Iirl]its  for this data poi]lt arc :1 ]7°/..

‘(i) [’mtr il)~ltions from t]lc c 3X- and ] ‘x” excitations at all 11(, and in a(idition  from tbc d 3A excitation at 10 CV wctc  llCF,]CCtCd.

At 1{0 = 10 CV I’ranck-Condon  factms  were uscxi to obklin  1 XX’s for all vibrational ICVCIS  of lbc final slate froln t csolts
obtained for a fcw specific vibrational ICVCIS.

(I) I’r’cscnt  “I”c)r’
(’2) Zobcl ct al. (1 996 b)
(3) Midc!lctoll  et al. (1993)
(4) Zctncr  ct al. (1996)



I:ip,mc

1.

2.

3,

4

5. .

()

7.

Captions

(a) ‘1’in]c of flight (’1’[)1’) spcctram for clcctrcm  scat[cring  by 1 IC at 26 CV impact energy
and 90° scattcrin.g ang]c (SCC text for explanation ). (b) “1’hc cncry,y 10ss spcctrmn
corrcspol~cting  to lhc ‘l’C)l: spcclrum  shown ia a.

l)iffmntia]  cross sections for excitation of then = 2 manifbld  states in 1 Ic at 90°
scattering angle. l~xpcrimcnta]  results: ● , present; ■ , (;artwright  et al. (1992) and
“1’rajmar  ct al. (1992);+, Allan (1 992); A, 1 lall cl al, (1973). ‘1’hcorctica]  results: O,
11’OMll’l’,  Cartwrighl ct al. (1 992) and ‘1’rajmar ct al. (1 992) (1’hc point at 50 CV has been
p]accd  at 49 CV for c]arity);  A, ]Jon ct al. (] 995); [1, ];ursa and ]Iray (] 995). ‘1’ypica] error
limits for the present results and for other cxpcrimcnta]  results arc shown.

.,
1 [ncrgy loss spectrum of Xc obtained from a ‘1’01: spcc.trwm at 110= 12 cV and O = 90°.
1 )csigt~ation  of energy loss features arc indicated as 1 and II.

])iffcrcntial cross sections fbr excitation ofthc two lowest levels in Xc at 90° scattering
rmglc.  llxpcrimcntal results: ., present ‘1’Ol~;  + ,I;stcr and Kessler (1 994); ■ , IJilipovic ct
al. (1 988); A, Nishimura cl al. (1 985, 1994). ‘1’hcorctical  results: V, Khakoo  et al. (1996);
[1, IIar[schat and Madison (1 992 a, b ancl 1995); A, Zuo c1 al. (1 991, 1992 a and b). “1’hc
points at 30 CV for the latter two theoretical results have been placed al 29 CV for clarity.
‘1 ‘ypica]  error limits arc imlicatcd and some of the data pc)ints arc cc)nncctcd by arbitrarily
drawing solid and dmhcd lines through the cxpcrimcn(al  aacl  thcorctica]  data points,
1’csJ)cctivcly.

1 ;ncrgy-loss  spectra for N~ at O = 900 obtained from ‘l’O1;  spectra. ‘1’hc energy loss rcgior~
designation is indicatccl.

lnc]astic  to elastic scattering intensity ratios for regions I, 11 and 111 for Nz at O = 90°
(given as% of elastic il~tcnsity).  A fcw rcprcscntativc  error bars arc shown.

(a) ])iffcrcntial cross section at 900 scattcriag  ang]c for excitation of the seven c]cctronic
states col~taincd  in feature 1. ., present ‘1’OI~; ~, l]runp,cr and‘1’cubner(1990); +,
(;artwright ct al. (1 977) / ‘1’r:~mar  ct al. (1 983). Rcprcsclltativc  crmr limits arc shown.
‘1’hc data points have been mnncctcd by arbitrary smooth curves to guide the eye. (b)
same as (a) cxccpt for region 11.

1 hcrgy-loss  spectrum of Nz at l;O = 15.0 cV, O = 90° obtained by a conventional
electrostatic spcctromctcr. ‘1’hc two electronic states and their vibrational structarc,
which no overlap from other electronic states occurs, ale indicated.

for

(a) l)iffcrcnlial cross sections for excitation of the v = 6 vibrational lCVC1 of the A 3X;,
electronic state in Nz at 90° scattering angle. ● , present ‘l’O1:;  +, Zobcl  ct al. (1996a)~ v,
IIrungcr and‘J’culmcr(1990); L, Cartwright  et al. (1 977)/ ‘1’rajmar ct al. (1983).
Rcprcscntativc error limits arc shown. ‘1’hc data points have been conncctcd  by arbitrary



smooth curves to g,uidc  the eye. (b) Same as (a) cxccpt for cxcitatim  of the combined
vibrational levels v = 4, 5, and 6.

](), lliffcrcntia] cross sections for excitations of the combined v = O, 1, and 2 vibrational
Icvcls in the C 311, clcclronic  state for (;0 at O = 90”. ● , present ‘1’01”; +, Zobcl  ct al.
(1996a); A, Cartwright et al. (1 977)/ ‘1’rajmar ct al. (1 983); T, IIrunger and ‘1’cubncr
(J 990). Rcprcscntativc  crmr limits arc indicated. ‘1’hc data points have been conncctcd
by arbitrary smooth curves to guide the eye.

J]. 1 ;ncrgy-loss  spectra for U) obtained by Ihc “l’O1; mctlmd at l!O = 9 and 13 CV both at O =
90°. l)csignations  ofthc energy-loss regions arc shown.

12 I liffcrcntial  cross sections for excitation of the a 311 clcctrmic  state in (X) at O = 90°.
l;xJ)crimcnt: ● , present I’OF; 4, ZobcJ ct al. (1996a); A, Middlcton  et al. (1993). l’hcory:
[ I, Sun ct al. (1 992). l’ypical  error Jimits arc indicated.

13. l)iffcrcntia] CIOSS sections for excitation of the A 111 state and the combined six electronic
states contributing to feature 11 it] the ‘1’01:  spectra at O = 90” for CO. l:or ll(;S1l  (90): ● ,
present ‘1’Ol~;  ❑ , Zctncr ct al. (1 996); A, MiddJcton  ct al. (1 993). lior IX;S At,, (90): 0,
7,0bcl et al. (1996b); [], Zctncr ct al. (1 996); A, Middlcton  ct al. (1 993). ‘J’hc IXXII (90)
and I)CSA 1,, (90) values arc comcctcd  by solid and dashed lines, respect iveJ y, and typical
error bars arc shown.
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