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Polarization of argon K x radiation following electron-impact ionization
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The angular and impact-energy dependence of the charactdfisticadiation of argon produced from
collisions of electrons with 10.0—24.0 keV energies has been investigated. The radiation is found to show a net
linear polarization of up to (1¥6)% in the investigated range of impact energy. This anisotropy is believed
to arise from the strong polarization &fa satellite lines of argon produced by teenultaneouslecay of a
singleK- and multipleL-shell vacancy states created in the collisions. Also, the behavior of the net polarization
of K radiation as a function of impact energy in the range of 10.0 to 24.0 keV has been studied. Over the range
of impact energies, the polarization is found to show a nearly constant value within the experimental uncer-
tainty.
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[. INTRODUCTION Thomaet al. [11] measured th&L,5; double ionization of
neon using Auger electron spectroscopy by electron impact
Collisions of energetic electrons with “free” atoms may and determined the alignmeAs, of KL ,5(1P,3P) states for
give rise to the emission of both characteristic and nonchara small range of impact energi€s.5—-4.0 keV. They con-
acteristic x radiation. The characteristic part of the x-raycluded that the alignment ofP and P states of theKL 5
spectrum is due to the decay of inner-shell vacancies creatadcancy configuration of neon is zero within the experimen-
in the collisions, while the noncharacteristic radiationtal uncertainty and that the average valueAgf for 13 is
(bremsstrahlungis caused due to the deceleration of inci- —0.06+0.05 for the highest impact energy of 4.0 keV.
dent electrons in the Coulomb field of the target atoms. This The angular distributions of the characteristic photon
atomic field bremsstrahlung has a high-energy cutoff at a&mission may be nonisotropic and can be characterized by a
photon energk=T, the incident energy of the electrdh].  single parameteP, the degree of polarizatiori2],
The polarization of the characteristic x radiation induced
by electrons and protons has been discussed frequently in the .
past[2—5]. It has been suggested by Mehlh¢8j that elec- 1(6)/1(90°) =1~ P cos’ 6, @
tron and proton impact should cause alignm@aiarization

of the radiation emitted from the target atoms with respect tq, are g stands for the angle of photon emission with respect

the incident beam direction, sag,axis; in which case the 4 the incident electron beam direction. Also, the intensity
emitted radiation should have a nonisotropic angular distriisiributions of the radiation can be writtéh0,11] as

bution and should be polarized for states having>0 and

j>3. Hrdy et al. [6] did in fact observe a polarization of

14% for theL a4 radiation in Hg. The characteristi€ x lo

radiation is, in general, not polarized because it is emitted 1(60)= 7 [1+ AgaraP5(C0S0) ], )

due to the decay of p=3 vacancy state. However, observa-

tion of the polarization oK« satellite x rays of a thick Al

target having values as large as 52% by 1.9 MeV l&d  where A, is the alignment of the initial double-vacancy

28% by 1.9 MeV H bombardment was reported by Jamisonstate,a, is the x-ray decay parametd?,(cosé) is the sec-

and Richard[7]. This large polarization was suggested toond Legendre polynomial, arlg is the total intensity of the

occur due to a simultaneous excitation of ahand multiple  x-ray line. In view of the above results of different workers,

vacancies in the. shell of Al. Kunst and Mehlhorri8] re- it was considered worthwhile to see whether there is any

cently measured the alignment of Xéons afterL ioniza-  significant effect of higher impact energies of electrons on

tion by 5—6 keV electrons with AK reference radiation. In the magnitude of polarizatioR for KL,; vacancies created

these measurements the authors took th& Arradiation to  in a “gaseous” target, such as argon.

be “isotropic.” Low et al.[9] studied the energy dependence In this article, we report the observation of a net linear

of the K-shell satellite intensity of lowZ elements of the polarizationP=(17=6)% of the argorK x radiation emit-

solid targets through x-ray detection under impact of 10—2Qed from collisions of electrons having energies between 10

keV electrons. They found that the ratio lofshell multiple  and 24 keV withfree argon atoms. The polarization fractions

ionization to K-shell single ionization,KL"/KL? is an are determined by measuring the angular distributiort$ xf

impact-energy-dependent quantity. Albiet al. [10] and  radiation using a Sp-i-n x-ray detector. Such measurements
are important from the viewpoint of testing collision theories
[13], as the population of different magnetic substates must

*Corresponding author. Email address: be correctly predicted to account for alignment of the target
rshanker@banaras.ernet.in atoms and should manifest in the emitted radiafi®h
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Il. EXPERIMENTAL METHOD Photon energy (keV) —
[V} 2 4 6 8 10 12 14
The present measurements were carried out on our re: L A
cently developed experimental setup dedicated for studies o ] Ar-K _
multiple-ionization processes in keV electron-atom/molecule 454 14 keveo'A' 4
collisions [14-16. A well-focused beam of electrons 8=90

(~1-20uA, diameter~3 mm) entered a collision chamber
and impinged on a thermal gas target effusing from a multi-
capillary tube (b =5 mm) at 90°. The tip of the multicapil- £
lary tube was placed at about 5 mm above the incident beam 3
A visual checking of the electron beam spot was done usingo
a fluorescent screen placed at the collision center. The scat 400 .
tering chamber was differentially evacuated by a 240 I/s tur-
bomolecular pump; the base pressure of the chamber wa:
maintained at a pressure better thax 10~ ® Torr. A high- 0

I i J-1- i T T T T T T
resolution, thermoelectrically cooled $i-i-n photodiode . o0 1000 1500 2000 2500 3000 3500

800 1 b

Bremsstrahlung continuum

x-ray detector equipped with a charge-sensitive preamplifier ch | b
(Model XR-100T) and a 12.5um Be window was employed annel number
to record the x-ray spectra. The energy resolutioil width FIG. 1. Atypical spectrum of AK-shell x radiation produced in

at half maximum of the detector was found to be 180 eV at collisions of 14.0 keV electrons with argon atoms. Angle of photon
5.9 keV. The operating pressure of the target gas was kept detection is 90° with respect to the incident electron beam direction.
2.4x 10 * Torr, to ensure the single-collision condition. The

angular distributions of the target x rays were measured witltan be understood on the following lines.

the help of a collimator with a circular aperture of 3 mm in  The impact-parameter formalism of ionization cross sec-
front of the detector kept inside the vacuum chamber andions for a simultaneous singlké and single ® ionization
placed relatively closéabout 6.0 chhto the collision center. can be representdd 7] by

The x-ray detection was made within a cone wiklx=5°

yielding a solid angle of 0.016% of7# The detector could B

be placed at different angles with respect to the incident Ul&ZP_MEL ijopls(b)PZPvML(b)bdb €
beam direction, e.g., at 30°, 60°, 90°, 120°, and at 135° with

an angular_uncertainty of_ about1°. _Ca_re was taken to re- where P,(b) and P2p'ML(b) are, respectively, the impact-
duce the slit-edge scattering of the incident beam and {0 pres, o meter-dependent ionization probabilities of keshell

d L subshells (p) with M| magnetic substates having

multichannel analyze(Oxford PCA-3. The data acquisition,  gia| spatial charge distributions of different magnetic sub-

management, stripping, and plotting were done on this COMziates are different and Ry, (b) values are known to be
L

puter. Normal data collection times at a given emission angle i for diff . ks The ch di
and impact energy were about 40 min. A few sets of repeatefd' erent for different impact paramete € charge dis-
0 substate of the 2 wave function will

runs of data at different angles were made to check and erﬁ)[ibution of the'\ngl it st
sure the reproducibility of the results. A typical spectrum of € concentrate_fong tmaxds, whr'e the charge distribu-
argonK-shell x radiation produced in collisions of 14.0 kev fions of theM, = =1 substates will be over large values of

electrons with argon gas is shown in Fig. 1. The spectra hayinPact parameters. This situation leads to an unequal popu-
been smoothed with five-point averaging and were fitted,at'on of 2p magnetic substates with a simultaneous popula-

71 6 . . . .
with a Gaussian fitting program to obtain the relative inten-ion Of theK shell (1s7“2p®) which is always isotropic. As

sities of theK-line peaks on top of a bremsstrahlung con-2 result, the radiation emitted due KL psvacancy decay
tinuum background. The total uncertainty involved in theSUffers a net polarization and consequently, Khehell x-ray
K-line intensity measurements stemmed basically from thdin€ shows a polarizationAzq) of a measurable magnitude.
uncertainties in the beam current, beam integration, angle 1Nhe polarization of the first singl-, multiple.-shell va-
uncertainty, and data collection statistics; their individualc@ncy satellite is expected to play a significant role in the net

contributions were found to be, respectivelyl%, 2%, 2%, polarization ofK-shell radiation. It may, however, be men-
and 3%. Thus, the total uncertainty of the angular distripu{ioned that our x-ray spectrometer is not capable of resolving
tion data is a little over 4%. these satellite lines in the x-ray spectra. Moreover, the final

effect of polarization of satellite lines should manifest in the
net polarization of theK radiation. Let us consider the situ-
ation where the argon atoms in their ground std®&) are
excited by energetic electrons such that one of theslec-
Mechanisms responsible for the observed net linear polatrons and one of theslelectrons are simultaneously knocked
ization of K radiation of argon in the present investigation out from their respective shells or subshells, leaving the par-

Ill. POSSIBLE MECHANISMS FOR ARGON K-LINE
POLARIZATION
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FIG. 2. X-ray transitions foK « satellite lines arising due to the
simultaneous decay of a singte and multipleL-shell vacancies in
argon following electron-impact ionization.

ent atom in a doubly charged states(£2p~1), i.e., AP™. : : : :
This doubly charged ion of thep configuration will give rise 0 1000 2000 3000
to two terms: 1P, and 3P, ;. These highly excited states Channel Number

of the ion can decay through emissionkok-ray photons to FIG. 3. Time-of-flight spectrum of argon ions resulting from

1 1 3 i ;
the terms™S, ’_ZDZ' and *P o of & final vacancy configu-  cojiisions of 24.0 keV electrons with argon atoms. A time resolution
ration of (2p)~“ type. The sequence of these reaction chanyf about 40 ns is seen for as time window.
nels may be written as follows:

the ionization of each single atomic subshell and hence also
partial cross sections for the production of ions in a charge
. B 0 a1 103 staten in the vth subshell ¢=K,L,...). Wehave performed

(i) e +Ar'—Ar<"(1s”"2p ") +3el "P,°P calculations for different contributions coming from ioniza-
tion of various shells and subshe[l21]. It is seen that a
significant contribution to the final ionization comes from the
b a e 1 K shell, L shell, and of course from thil shell in the pro-
(iit) - Ar="(1s"72p~) duction of ions of higher charge states. For example, in 10
—Ar?t(1s?2p®)+vy (K, photons *P,%P,'D keV e -Ar collisions, the Af* ions are produced due to
5.33% K-shell ionization, 70.35%L ;-subshell ionization,

(i) Ar%1s?2s?2p®3s23p® 1S, (ground statg (4)

(sp configuration, (5)

(p~? configuration. (6)  and 24.32%L, ysubshell ionization simultaneously. From
. o the time-of-flight spectra that we have recorded very recently
The resulting x-ray satellite lines are in our laboratory for studies of multiple ionization of argon

- N . ) ) atoms in collisions of 10.0 to 24.0 keV electrons with a di-
Ka': "P1—7S (with relative weight 3, (78  |ute argon atomic target, it is observed that argon ions having
charge states up te-4 are produced. These spectra are ob-
Kag: *Py10-°Pp10 (with relative weight 9, tained by measuring coincidences between the ejected elec-
(7b) trons (of all energiey at 90° to the incident beam direction
and the multiply charged argon iofsee Fig. 3. The above
Kay: 'P1—'D, (with relative weight 5. (7¢)  calculations give excellent agreement between our experi-
mental datd21] and different theoretical predictions for the
The possible x-ray transitions between initial and finalrelative charge state fractions as a function of the argon
vacancy configurations induced by collision of energeticcharge states. It may be pointed out here that the charge state
electrons with argon atoms are shown schematically in Figspectra of argon ions can give information about the initial
2. These transitions result in three satellite lines, namelymultiple vacancies if one considers the radiative and nonra-
Ka'(1P;—1Sy), Ka3(3P2’1VO—>3P2’1'0), and Kay(*P; diative decay modes quantitatively. It is well established that
—1D,). They are obtained if recorded by a high-resolutionthe fluorescence yields &f-shell-ionized argon is about 12%
spectrometer, for example, by a curved crystal spectrometeand the Auger yield is 88%. This means that the lone atgon
In these spectra, it is generally expected tiad’(!P,  vacancy is preferably filled through Auger transitions. Thus,
—13,) is strongly polarized, whil& a3 andK a4 are weakly ~ for an initial oneK and onel , 3 vacancy, the final charge
polarized; theKa, , lines (KL,L 3, the main diagram lines, state of the ion will attain the minimum value of 3 by filling
are assumed to be unpolarizeste Ref[7]). Polarization of the K vacancy through an Auger transition. Thus, production
Ka' is a more sensitive measure of the ratio of the partiabf the final charge state of 3 (AF) will correspond in
ionization cross sectionsy/o;, whereoy and oy are the greater probabilities to an initial ort€ and onel , 3 vacancy
partial ionization cross sections fof, =0 and|M_|=1, re- in argon. These initial vacancigsne K and oneL, 5 will
spectively. also undergo radiative decay via emission of khe x rays
Using the scaling layy18], one can obtain the individual but with a smaller probability.
charge state spectfd9,2Q of ions produced as a result of From the above consideration and from the spectra shown
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11 T T T T The P will assume a positive value wher, is greater than
oy. That is, in the case of 2 subshells, the probability of
excitation or ionization oM =0 is greater than the prob-
ability of excitation of thefM_|=1 state. This situation can
be explained in terms of the impact-parameter-dependent ex-
citation or ionization function. In the present experiments,
the range ofb is selectively small as we requiressshell
ionization simultaneously with [2-subshell ionization. A
simple estimate of the range bfyields values from 0.05 to
0.14 A for the change of scattering anglérom 60° to 20°,
respectively. Further, the radii of théandL shells of argon
are determined to be 0.03 and 0.12 A, respectively. These
estimates suggest that the charge distribution ofMhe=0
0.8 . ' . . substate of the @ wave function which is concentrated along
0.00 0.25 0.50 0.75 1.00 the beam directioriz axis) will have a large probability of
overlap with the incident beam compared to that with the
IM_|=1 substate, for which the charge distribution is spread
FIG. 4. Variation of the relative intensity( 6)/1(90°) of argon  over large impact parameters. This qualitative picture de-
K radiation at a given angle of emissighas a function of cd%8.  scribes the polarization results observed in our experiments
for all incident energies of the present investigation.
in Fig. 3, it is noted that the multiple-ionization reactions in ~ Furthermore, Lw et al. [9] derived an approximate ex-
argon might very likely take place through a simultaneius ~ Pression for the ratio of cross sections for multiple ionization
and multipleL-shell vacancy creations leading to a chargeof the L shell to single ionization of th& shell as
state of +3 and even more. When a simultanedtsand
multiple L-shell vacancies are created in the target atom, an o(KL"/o(K)=a,+by(INE) "+, 9
unequal population of the magnetic substates in_igshell
is expected, that is, different populations in the magnetiévhere a, and b, are impact-energy-independent ternés,
substates of the 2P, term should occur. Thus, a nonuni- =Eo/E(KL23), Ep is the impact energyE(KL; 9 is the
form distribution of spatial charge distribution in the’R,,  €nergy to ionize in th& andL shells. It is noted from this
magnetic substates is expected to be manifest irkdsaell ~ equation that in addition to the shake-off probability given
radiation emitted as a result of filling &f vacancy by elec- by the first term, there is an impact-energy-dependent contri-

trons which are originating from a nonisotropic statéfz,  bution (given by the second tefnto the multiple-vacancy
state. production probability. Although the shake-off process fol-

lowing a K-shell ionization cannot create a nonzero align-
ment of the double-vacancy state, el§l,,; P, 3p in the
IV. RESULTS AND DISCUSSION present case. However, there might be a considerable contri-
) o ) ) bution to theKL, 5 ionization from the presence of direct
The anisotropy oK radiation of argon is determined by cqlisions between the primary electron and an electron in
plotting a graph for a relative intensitl(6)/1(90°) at @  neK shell or a direct collision of the ejectd@shell electron
given angle of emissiom, normalized to the intensity mea- \yith the L-shell electron, or from autoionization bf, +shell

sured at angl@=90°, as a function of cé9 [see EQ(D)].  electrons during the collision, which very well may lead to a

The “scattering volume” is formed by overlap of the elec- oticeaple alignment of th&%P states. In the present experi-

tron beam (=3 mm) and the gas beam effusing from the ments, as the range as well as the impact energy of the inci-

multicapillary tube (b =5 mm). This volume is not strictly & gent electrons are relatively large compared to those used in

“point” scattering center. It was, therefore, necessary to apRef. [11], the above-mentioned additional processek of 5

ply a sind correction factor to the data of all angular distri- jgnization may become important, leading to a considerable

butions. After taking into account this correction, the datanet jinear polarization of the AKa x-ray line.

were plotted forl (6)/1(90°) versus cdsy, for the given in- In addition, we have plotted a curve showing the variation

cident electron energy. Such a plot is shown in Fig. 4 for 10yt et polarizatiorP of the K radiation of argon with impact

keV e -Ar collisions. A polarization fractionP=(17 energy in the range of 10.0 to 24.0 kd¥ee Fig. 5 The
+6)% was extracted from the graph. In all experiments, thgyojarization is found to show a nearly constant value for all
value of1(6)/1(90°) was found to be maximum around 90°. jncident energies within the experimental uncertainty. This

According to the relatiofi22], the polarization fractio®® can eyt suggests that, once tké., ; double vacancy has at-

be expressed in terms of subshell ionization cross sectiongjned a polarization of Va|u|g=(1’7t 6%), thecorrespond-

oo andoy, respectively, foM =0 and+1 as ing final charge state fraction of argon ions becomes almost
constant with impact energy. We have, in fact, observed a
constant charge state fraction of about 2% for the final triple

pP= 00_01_ (8  vacancy in argon for electron-impact engrgies ranging from
oot oy 10 to 24 keV in our recent work on ejected electron-ion

=

o
i
1

1(6) / 1(90°%)

o
«©
1
1
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FIG. 5. Variation of the net polarization &f radiation of argon
as a function of impact energy in the range of 10.0 to 24.0 keV. Th
solid line is a least-squares fit to the data points.

coincidence measurementsee Ref.[21]). This trend of
variation of P with impact energy is, however, not in line
with what the authors in Ref23] have reported for the
degree of polarizatio® of a “thick” Al Ka' (1P;-1Sp)

PHYSICAL REVIEW A 67, 012708 (2003

[23], multiple collisions are unavoidable; these are expected
to “smear out” the polarization degree in the end channel of
x-ray detection especially at high impact energies; the
K-shell photons for such collisions will be produced at a
deeper location in the target and suffer a greater smearing
effect at the detection channel compared to those photons
that are produced by low-velocity ions. In contrast, our ex-
periments are performed in a single-collision condition
where the degree of polarization does not suffer from mul-
tiple collision effects.

V. CONCLUSIONS

In conclusion, our experimental data show a net linear
polarization of (17-6)% of theK radiation offree gaseous
target atoms of argon in bombardments with 10.0—-24.0 keV
electrons. This noticeable polarization is believed to arise
from a strong polarization df « satellite lines produced by
the simultaneous decay of a singdeand multipleL shells of

eargon atoms in a collision reaction. Also, our data exhibit a

nearly constant value of the net polarization over the impact
energies under consideration.
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