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F ir st m easureme nts of polari zati on of 228.8 nm radiation emitted by
cadmium atoms excited to t he Ùrst single t state (5 1 P 1) follo w ing impact of

electrons w ere carried out for the electron energy range 20{500 eV . N ew data
w ere also obtained on the relati ve optical excitation function up to electron
energy of 500 eV , w hich extend low er energy results publis hed previousl y by

other researchers.

PAC S numb ers: 34.80.Dp

1. I n t rod uct io n

Ca dm ium belongs, wi th zinc and mercury , to the group of elements wi th two
s v alence electro ns added to the Ùlled d shell . R elati vely stro ng interco mbina ti on
l ines observed in the spectra of these elements pro ve the spin{ orbi t intera cti on to
be of comparable or higher strength tha n the electro stati c one. Fai rly heavy Cd
ato m (ro ughly the m id-way between wel l -studi ed He and Hg) is an interesti ng ta r-
get for studi es of the departure from L S to wards j j coupl ing scheme of electro nic
orbi tal and spin angular m omenta wi th increasing ato m ic mass. Electro n scatter-
ing exp erim ents can also pro vi de inform atio n on relati ve signi Ùcance of spin-Ûip
and electron exchange coll isions.

The body of accum ulated experim enta l data on electron{ cadm ium ato m col-
l isions is qui te large. Zapesochnyi and Pal inchak reported the Ùrst m easurem ents

(3)
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of the apparent exci tati on functi on of the 228.8 nm resonance l ine (electro n en-
ergy range f rom thresho ld to 100 eV) in 1966 [1]. In the sam e year Zapesochnyi
and Shpenik [2] presented hi gh-resoluti on thresho ld and low energy study (up to
15 eV) of the exci ta ti on to two lowest tri pl et sta tes (5 3P 1 and 6 3P 1 ). Sim i lar mea-
surements for sing let states (5 1P 1 , 7 1S 0 , 8 1S 0 ) and for tri plet D states (5 3D 1 ;2 ;3

and 6 3D 1 ; 2 ;3 ) were publ ished by Shpenik et al . in 1973 [3]. Exci ta ti on to 5 3P 0

m etastable state has been studi ed by Ma zing et al . [4]. Data on exci ta ti on func-
ti ons up to 15 eV for 26 tra nsiti ons were summ arized by Sovter et al . [5]. Results
of m easurem ents for a set of ato mic and ioni c l ines of cadm ium up to 150 eV were
also reported by Bogdanova et al . [6].

El ectron energy loss spectra studi es on cadm ium ato ms, yi eldi ng data on
the di ˜erenti al cross-secti on, have started from forwa rd- scatteri ng m easurem ents
of Newel l et al . [7] for electron im pact- induced tra nsi ti ons between the ground
5 1S 0 and a numb er of exci ted states at the inci dent electron energies: 60, 75, 85,
100, and 150 eV. In 1972 Newel l and Ross [8] reported m easurements of di ˜er-
enti al cross-sections and data on general ized oscil lato r strength at 255 eV for the
resonance tra nsi ti on and scatteri ng angles between 3 £ and 2 0 £ . El ectron impact
exci ta ti on of auto ioni zing levels of Cd ato m s wa s studi ed by the sam e researchers
in high (W ickes et al . [9]) and low energy range (Newel l et al . [10]). Measurements
of the elasti c di ˜erenti al cro ss-section at energ ies of 60, 75, 85, 100, and 150 eV
in the scatteri ng angle range from 1 0 £ to 7 0 £ were reported by No guei ra et al .
[11]. Results of a very extensi ve study of elasti c and inelastic scatteri ng of elec-
tro ns by cadm ium ato m s were publ ished by Ma ri nko vi Çc et al . [12]. D i ˜erenti al
cro ss-secti ons data for elasti c scatteri ng and excita ti on to a numb er of states at
inci dent electron energies of 3.4, 6.4, 10, 15, 20, 40, 60, and 85 eV in the angular
range f rom 0 £ to 1 5 0 £ were presented.

The im pressive pro gress of exp erimenta l m etho ds in the Ùeld of scatteri ng of
polari zed electrons from ato m ic targets contri buted to quanti ta ti ve understa ndi ng
of the ro le of di ˜erent spin-dependent intera cti ons in electron{ ato m col l isions. As
m enti oned, cadm ium is a very interesti ng ta rget from thi s point of vi ew. Results
of studi es on scatteri ng of polarized electro ns by cadm ium ato m s were reported
by Bartsch et a l. [13].

D espite som eserious techni cal probl ems connected wi th long-term and stable
operati on of e£ cient sources of beams of cadm ium ato ms, thi s element has been
one of m ore popul ar subjects of electron scatteri ng experim ents for m any years.
Metho ds for theo reti cal descripti on of inelasti c col l isions of charged parti cles wi th
ato m s and molecules were developed concurrentl y. Reform ul ati on of the Bethe the-
ory by Ino kuti [14], Ino kuti et al . [15] wi th further m etho dological devel opm ents
intro duced by Ha˜a d et al . [16], Avdoni na et al . [17] provi ded researchers wi th to ols
useful for norm al izati on of di ˜erenti al cross-secti on by m eans of general ized oscil la-
to r streng ths. Tho se metho ds were appl ied in case of electro n{ cadm ium col l isions:
Newel l et al . [7], Newel l and R oss [8], FelÛi and Msezane [18]. The distorted- wave
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appro xi m atio n m etho ds have been used for ab i ni t io calcul ati ons of the di ˜erenti al
cro ss-secti ons for elasti c and inelasti c electron scatteri ng on cadm ium ato ms. The
Ùrst order distorted wa ve Born approxi matio n (D W B1) resul ts of Ma dison et al .
[19] showed very good agreement wi th experim ental data of Ma ri nko vi ± et al . [12],
except som e local ized di screpancies f or the 3 P states. Subsequent calcul ati ons of
Sri vastava et al . [20] appl yi ng com pletely relati vi stic distorted- wave theo ry im -
pro ved the agreement wi th exp erimenta l results.

D espite the extensi veness of the set of data on cadm ium accumul ated so
far by many researchers, i t lacks experim ental results for the polari zati on of the
radi ati on and for the exci ta ti on functi on in the range of m oderate and higher
electron energy even for the resonant tra nsiti on. Such data have been obta ined in
the present work.

2. E x per i m ent a l m et hod

2.1. Apparat us

Fi gure 1 presents a schemati c of the experim enta l setup used in m easure-
m ents of polari zati on of the 228.8 nm radiati on emi tted by cadm ium ato ms ex-
ci ted by electro n impact. Electron{ ato m col l isions were studi ed in the standard
cro ss-beam conÙgura ti on. Ato mic beam of Cd, pro duced by resisti vely heated oven,
e˜used verti cal ly upw ards from a system of beam-shapi ng apertures. The tem per-
ature of the reservo i r of cadm ium was stabi l ized in the range 550À 5 5 4 K wi th the
output nozzle kept at tem perature 30 K higher to slow down clogging of its ori Ùce.
The beam -shapi ng apertures were chi l led by water circul ati ng in a cool ing jacket

Fig. 1. Schematic of the experimental setup for p olarizati on measurements. EG |

electron gun, FC | Faraday cup, OV | the source of cadmium atomic beam, QL |

quartz lens, PO P | pile -of-pla tes p olarizer, F | 228.8 nm interf erence Ùlter, P M T |

photomultipl ier, A MP | preampli Ùer, C FD | discrimi nator, SMC | stepp er motor

controller, C N T S | pulse counters, V C | vacuum chamb er with magnetic shield, PC

| micro computer.
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surro undi ng al l hot parts of the oven, preventi ng the heati ng of the other elements
of the system by therm al radi ati on. T o avoid depositi on of cadm ium on surf aces
inside the vacuum chamber the beam was captured by a l iqui d ni tro gen cold tra p,
positi oned di rectl y above the source. W i th the vacuum chamb er background pres-
sure m ainta ined at 1 È 1 0 À 6 Torr, the estimated concentra ti on of cadm ium in
the region of intera cti on wi th electrons was 1 0 1 1 ato m s/ ccm. The diameter of the
cro ss-secti on of slightly diverg ing ato m ic beam at the level of the intera cti on region
wa s appro xi m atel y 2 m m . The electron beam produced by a Com stock EG -402EL
electron gun wa s di rected hori zonta l ly. The electron beam current, collected by
a Faraday cup, wa s in the range from 1 : 3 ñ A to 1 3 :3 ñ A depending on electron
energy. The beam wa s focused wi th gun ' s electrostati c lens to maintai n constant
overl ap volum e wi th the ato m ic beam.

The radiati on emitted by electro n im pact- excited Cd ato m s was detecte d
in the di recti on perpendi cular to both ato m ic and electro n beam s. A fused sil ica
lens focused onto the electron{ atom intera cti on region (acceptance angle 0.19 rad)
wa s used to form a col l im ated beam of radiati on leavi ng the vacuum chamb er. A
pi le-of-plate polarizer consi sting of two sets of 4 fused silica pl ates was used as the
l inear polari zati on analyzer. The angle of inci dence of the radiati on at the pl ates
wa s opti m ized for the best tra de-o˜ between the polari zance and tra nsmission of
the detecte d ul tra vi olet l ight. The m easured value of the polari zance at 228.8 nm
wa s 0 : 7 8 6 Ï 0 : 0 0 9 . The polari zer was rota ted around the axi s of the light beam
wi th a stepper m oto r contro l led by a m icrocom puter, and the orienta ti on of i ts
polari zati on axi s relati ve to the di recti on of the electron beam wa s changed by data
acqui siti on software. The radiati on emerging f rom the analyzer and tra nsmi tted
by a 228.8 nm interf erence Ùlter was detected by a photom ulti pl ier tub e operated
in the photo n counti ng mode.

The vacuum col l ision chamber was l ined wi th a ñ -metal shield to attenu-
ate stray externa l m agneti c Ùelds and al l sources of electri c Ùelds were careful ly
shi elded wi th grounded copper enclosures and bra ids to m inim ize the inÛuence on
electron tra jectori es and col l ision pro cesses.

The sam e experim enta l setup wa s used for determ inati on of the relati ve
opti cal exci ta ti on functi on, except the polari zati on analyzer, whi ch was removed
from the light path to al low measurements of the to tal intensi ty of the 228.8 nm
emission of cadm ium ato ms.

2.2. Pro cedures

2.2. 1. Det ermi nat ion of the polar izat ion

The l inear polari zati on P of the 228.8 nm radiati on emitted by cadm ium
ato m s in di recti on perpendi cular to the electron beam axi s (sym metry axi s of the
col lision system) wa s determ ined as

P =
I

k
À I

?

I
k

+ I ?

; (1)
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where I
k

and I ? are intensi ti es of the radiati on polari zed in plane para l lel and
perpendicul ar to the di recti on of the electron beam, respectivel y. Thei r values were
determ ined by a set of m easurem ents of the intensi ty of the radiati on tra nsmi tted
by the polari zati on analyzer at 28 di ˜erent positi ons of i ts axi s (coveri ng the
1 8 0 £ range of the angle between the polari zing axi s and the plane of the electron
and l ight beam s). A model functi on was Ùtted to the 28 data points yi elding the
preci se values of I k and I ? , and the value of the m easured l inear polarizati on
degree P m was calcul ated usi ng form ul a (1). Three f actors were ta ken into account
to determ ine the actual va lue of P : the angul ar di vergence of the focused electron
beam , detecti on of the radiati on emi tted in a sol id anglerather tha n stri ctl y in one
di recti on and the value of polarizance of the pi le-of-plates polari zer lower tha n 1.
Each of the three f actors causes tha t the observed polari zati on is lower tha n the
actua l one. The relati on between P and P m accounti ng for these e˜ects, as outl ined
in deta i ls in Ehl ers and Gal lagher [21], is

P m =
k

k
+ k

?

k k À k ?

1 À "

1 À "P

1 À 3 £

1 À £ P
P ; (2)

where k k and k ? are intensi ty tra nsmission coe£ ci ents of the polari zer for the
radi ati on polari zed para l lel and perpendicul ar to the opti cal axi s, respectivel y;
" = ê 2 =4 ; ê | the hal f-angle of the cone of acceptance of the photo n detecti on
channel ; £ = ˚ 2 =4 ; ˚ | angular di vergence of the electron beam (hal f-angle).
The values of the parameters used to calculate the Ùnal corrected values of P

presented in thi s work: polari zance of the pi le-of-plate analyzer (k
k

À k
?

) = ( k
k

+ k
?

)

= 0 : 7 8 6 Ï 0 : 0 0 9 ; ê = 0 : 1 9 rad and ˚ = 0 : 1 2 5 rad.

2.2. 2. Det ermi nat ion of the exci t ation funct ion

The relati ve opti cal exci ta ti on functi on describes the dependence of the to ta l
intensi ty I t o t a l of the radiati on emitted by ato ms exci ted to a given state by electron
im pact on the energy of pro jecti les.D ue to the anisotro py of dipole emission of the
ato m ic system excited in a col l ision pro cessesof the axi al sym metry , the observed
radi ati on intensi ty changes wi th the angle between the di recti on of observati on
and the sym metry axi s. Since the dependence of the intensi ty on the observati on
angle is kno wn precisely (Perci val and Seato n [22]), I to ta l can be extra cted from a
m easurement of the intensi ty at any angle (except 0 £ ). In the case of detecti on of
photo ns emi tted perpendi cularl y to the electro n beam (as in our exp eriment)

I to ta l = 4 ¤ I (9 0 £ )(1 À P =3 ); (3)

where I (9 0 £ ) denotes observed intensi ty norm al ized to the uni t sol id angle, and P

i s the degree of l inear polari zati on of the radiati on emi tted in a di recti on perpen-
di cular to the sym metry axi s of the col l ision system . Acco unti ng for the di vergence
of the electro n beam and Ùnite accepta nce angle of the radiati on detecti on system
intro duces an addi ti onal correcti on factor (Ehl ers and Gal lagher [21]) yi elding Ùnal
form ula used in calculati on of values of the to ta l intensi ty
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I to ta l = 4 ¤ I (9 0 £ )(1 À P =3 )= [1 À ( " + £ ) P ] ; (4)

wi th " and £ deÙned as in Eq. (2) and of the same values. The relati ve opti cal
exci ta ti on functi on R ( E ) was determ ined by appl icati on of the fol lowing form ula:

R ( E ) =
I to ta l( E )

J ( E )

J ( E r )

I to ta l ( E r )
; (5)

whi ch norm al ized the values of the to tal intensi ty I to ta l( E ) for a given electron
energy E to uni t electron beam current and related them to the value determ ined
at a preselected ref erence electron energy E r : J ( E ) i s the electron beam current
at given energy E . Each m easurement of the radiati on intensi ty and the electron
current for al l studi ed values of energy was fol lowed by determ inati on of these
two param eters at the reference energy. Al l f our results were used to calcul ate the
value of R (E ) accordi ng to Eq. (5). Thi s pro cedure accounted for the e˜ects of
long term Ûuctua ti ons in the electro n beam current and the density of the ato m ic
beam .

Both experim ents were carri ed out at a relati vely low density of cadm ium
ato m s in the intera cti on region (1 0 1 1 ato m s/ ccm). No indi cati on of resonance
tra ppi ng has been found at thi s density in a test m easurem ent of the dependence
of l inear polari zati on of 228.8 nm emission on the tem perature of the oven.

3. R esul t s

3.1. Polar ization

The degree of l inear polari zati on P of the radiati on of wa velength 228.8 nm
emitted by cadm ium atom s excited by electro n impact to the Ùrst sing let state
5 1P 1 were measured for 18 values of electro n energy in the range from 20 eV to
500 eV. D ata are plotted in Fi g. 2 and l isted in T able. Stati stical uncerta inti es of

Fig. 2. Measured values of polarizati on of 228. 8 nm radiation of cadmium atoms excited

to 5 1P 1 state by electron impact. Error bars represent values of one standard deviation.
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T ABLE

Measured values of polariza tion of 228. 8 nm radiation emitted
by cadmium atoms excited to 5 1

P 1 state by electron impact.
Statistical uncertainty of the results (included in brac kets) is
represented by estimated value of one standard deviation .

Energy (eV ) Polarization Energy (eV ) Polarization

19 0.345 (0. 007) 99 {0. 057 (0. 002)

24 0.263 (0. 006) 149 {0. 105 (0. 004)

29 0.184 (0. 005) 200 {0. 133 (0. 004)

34 0.150 (0. 005) 251 {0. 155 (0. 006)

39 0.113 (0. 004) 302 {0. 175 (0. 006)

44 0.094 (0. 004) 353 {0. 199 (0. 006)

49 0.065 (0. 003) 404 {0. 204 (0. 007)

59 0.025 (0. 002) 453 {0. 210 (0. 006)

79 {0. 018 (0. 002) 504 {0. 212 (0. 008)

the present m easurem ents (i ncl uded in brackets in Tabl e and as error bars in the
Ùgure) represent estimated values of one standard devi ati on.

3.2. Exci t ation funct ion

Values of the relati ve opti cal exci tati on functi on of the 5 1P 1 state of cad-
m ium ato ms exci ted by electron im pact were determ ined for 15 values of electron
energy in the range from 35 eV to 500 eV. D ata are plotted in Fi g. 3. R esults of
previ ous measurements of Zapesochnyi and Pal inchak [11] are also incl uded in the

Fig. 3. Measured values of the relative optical excitation function for the 5 1P 1 state of

cadmium atoms excited by electron impact ( ¯ | present w ork, £ | data of Zap esochnyi

and Palinchak [1]).
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Ùgure. Both sets were norm al ized to uni ty in the area of the m axi mum of the ex-
ci tati on functi on. Esti mated stati stical uncerta inti es of the present m easurem ents
are represented by the size of the data point sym bols.

4. Co n cl usion s

Polari zati on of the radi ati on of cadm ium ato m s exci ted to the Ùrst sing let
sta te by coll isions wi th electrons has been m easured for the Ùrst ti me. New data
on the relati ve opti cal exci ta ti on functi on have been also obta ined, whi ch extend
previ ously publ ished sets of low energy resul ts of Shpenik et al . [3] and interm ediate
energy measurements of Zapesochnyi and Pal inchak [1] up to the energy of 500 eV.

R eliable estim ati on of the e˜ects of the cascade tra nsiti ons, whi ch m ay be
signiÙcant in the case of cadm ium , on the observed exci ta ti on functi on and polar-
izati on has not been possible. T o the best of our kno wl edge, avai lable quanti ta tiv e
data on the cross-secti ons for the electron im pact exci ta ti on of higher levels are not
su£ cient to determ ine the cascade contri buti on to the popul ati on of 5 1P 1 state.
No theo reti cal predi cti ons for the value of polarizati on at the energy of exci ta ti on
thresho ld for the 5 1P 1 state (5.41 eV) are avai lable, whi ch could al low estim a-
ti on of fracti ons of the popul ati on corresp ondi ng to di rect and cascade exci ta ti on
pro cesses based on Bethe appro xi mati on using m etho ds outl ined by Heddl e [23].
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