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Angular dependence ofL x-ray production cross sections in uranium
at 22.6- and 59.5-keV photon energies

D. Mehta* Sanjiv Puri’ Nirmal Singh, M. L. Gard, and P. N. Trehan
Department of Physics, Panjab University, Chandigarh 160 014, India
(Received 14 September 1998

Thell, La, Ly, LBs, LBo4, LB13, LBg1o, andLy x-ray production differential cross sections gsu
have been measured using the 22.6- and 59.5-keV incident photon energies in an angular range 43°-140°. The
measurements were performed using ff€d and?*!Am radioisotopes as photon sources and(&i$tetec-
tor. Differential cross sections for various« rays are found to be angle independent within experimental error.
This is contrary to the strong angular dependence of measured photon-iridueedL « x ray production
cross sections as reported by Kahleinal. [Phys. Rev. A43, 1455(1991)] and M. Ertugrul[Nucl. Instrum.
Methods Phys. Res. B19, 345(1996)]. Integral cross sections for production of theL «, L5, LBs, LB2 4,
LB13, LBo1o, Ly1s, Lyaze andLy, x rays are also deduced in the present paper and are found to be in
good agreement with those evaluated using the most reliable theoretical valleg(iaf 1,2,3) subshell
photoionization cross sections, fluorescence yields, x-ray emission rates, and Coster-Kronig transition prob-
abilities.[S1050-29479)09003-4

PACS numbsgfs): 32.80.Fb, 32.80.Hd

. INTRODUCTION only in limited cases. The alignment of Kf8] and Xe" [9]
ions with photon-induced vacancy in few states with 3
Alignment of ionized atom resulting from photoionization has been investigated via angular distribution measurements
of an inner shell by unpolarized radiation was first predictecof fluorescence radiations and Auger electrons, respectively.
by Flugge, Mehlhorn, and Schmifit] and Jacobg2]. Inthe  Similar studies in Cdl ions have been done via polarization
case where the angular momentdd of the resulting state  measurements of fluorescence radiatip8sl0]. Recently,
of the ionized atom is>3, it is aligned, i.e., the relative Kahlonet al.[11—15 have investigated alignment of ionized
population of different substates depends on the magnetigtoms followingL; (i=1,2,3) subshell photoionization in
quantum numbeM;, and is independent of its sign. Auger some elements with 20Z<92. They have measured differ-
electrons or x rays emitted in the subsequent decay manifeghtial cross sectionsio(Lk)/d(Q, for production ofLk (k
this alignment through their anisotropic angular distribution=| 4, g, andy) group of x rays at the 59.5-keV incident
or through polarization of the x rays. In a photoionization photon energy in the angular range= 40°—120°. The inci-
experiment{3—5] involving unpolarized incident beam and gent beam used in these measurements was unpolarized. The
detection of x rays in singles mode, the state of the ion i§ | and L« x rays originate from filling of thel; subshell
axially symmetric about the incident beam direction and(j=2) vacancies, thé y x rays from filling of theL, (J
symmetric with respect to reflection in the plane perpendicu= 1) and thel, (J= %) subshell vacancies and the x rays
lar to the incident beam, and the angular distribution of emitrom filling of all the threel; subshell vacancies. Thé and
ted x rays is of the form(¥)=1,[1+ B,P,(cosy)], where  La x-ray production cross sections were reported to exhibit
P,(cosy) is the second-order Legendre polynomial. The co-strong and monotonous variation in the angular range cov-
efficient of anisotropy is expressed As= aA,y, whereA,;  ered in the measurements. Thg andL y x-ray production
is the degree of alignment and the coefficierdepends only  cross sections were observed to be angle independent. Simi-
on theJ value of the initial and final states of ionized atom. lar angular distribution results were reported by KaHlbh]
Theoretical values of\,, for different states of various ion- for differentL x rays in case of Pb, Th, and U at the 25.8-
ized atoms, calculated using wave functions obtained in th&eV incident photon energy. Thiek x ray production cross
Herman-Skillman potential, have been reported by Besections measured by Kahlet al.[11-15 at the 59.5-keV
rezhko, Kabachnik, and Rostovskg@]. The values of the incident photon energy were later on confirmed by Ertugrul
coefficienta are tabulated if7]. [16]. Linear polarization measurements of th& rays emit-
Experimental investigationg8—16] of alignment of ion-  ted following ionization by 59.5-keV photons in Th and U
ized atoms resulting from photoionization have been don¢l1,12 have shown that thel andL« x rays are polarized,
the LB x rays are slightly polarized, and they x rays are
unpolarized. From these investigationkl—-1§ it is con-
*Present address: Department of Physics and Astrophysics, Deliuded that the. ; subshell vacancy state produced by photo-

University, Delhi 110 007, India. ionization is aligned whereas thg andL, subshell vacancy
"Present address: Department of Physics, SLIET, Lon-sStates are not aligned.

gowal 148 106, India. The LI andL «a x-ray production cross sections measured
*Present address: Department of Biophysics, Panjab Universitypy Kahlonet al. [11-15 and Ertugrul[16] are fitted to a
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FIG. 1. (a) Polar plot depicting angular dependence oflth&-ray production cross sections for uranium at the 59.5-keV incident photon
energy. The plotted curve is generated from the polynomial inycéited to differential cross sections measured by Kahédral.
[11,12. (b) Geometrical arrangement showing the measuremehtyefay production cross sections corresponding to emission ahgle
using photon source in the annular form symmetric about the direction of detected x rays. Polar plofafipaiso shown attached to the
incident beam with target cent@ras origin. The differential cross sections corresponding to emission afigled 360°¢ are the same.

+ kB1P1(cosy) + kB,P,(cosy)] involving both the odd- and uranium, deduced from the work of Kahlenal.[11,12, are
even-order Legendre polynomials, whetds a correction 0.81 (1.47) and 0.24(0.13, respectively, at the 25.8-keV
for transfer of unaligned vacancies from the andL, sub-  incident photon energy and 0.70.20 and 0.17(—0.002,
shells to theL; subshell by Coster-Kronig transitions. The respectively, at the 59.5-keV incident photon energy. Large
values ofkB; and kB3, in the case of thél (La) x ray of  values ofkB; mean that angular dependence of theand
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FIG. 2. Target, source, and detector geometrical setups used for the present measurements. Geometrieal (bgfgpsl (c) involve
point source, andc) and(d) involve annular source.
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FIG. 3. Typical spectra of x rays and scattered photons from
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FIG. 4. (a) Transmission andb) reflection geometrical setups
used for differential x-ray production cross section measurements.
Figures are redrawn to show geometrical variables.

Source

mials involving P,(cos#), |=0,2 only. An odd-order Leg-
endre polynomialP,(cosy), is expected in the case where
the incident photon beam is circularly polarized or in the
ion-induced experiments having planar symmetry, e.g.,
where emitted x rays are observed in coincidence with the
scattered incident iofi3]. Apart from this, certain inconsis-
tencies are noticed in the earlier measured angular depen-
dence ofLlI andL« x ray production cross sectioh$1-15.
At the 25.8-keV incident photon energy, the reported anisot-
ropy[1(45°)/1(105°)] for theL « group of x rays, consisting
of the La'l (Lg—MS, a=01) [7] and La2 (L3—M4, a=
—0.4) [7] x rays of opposite anisotropy and with intensity
ratio, I (Laq)/1(Lay)~9, is even higher by a factor1.5
than that for the singlél (Ls—M;, «=0.5) [7] x ray in the
case of U and the two are nearly the same in the case of Pb
and Th[11]. At the 59.5-keV incident photon energy, anisot-
ropy [1(40°)/1(120°)] for the La x rays is smaller by fac-
tors 2.3, 1.7, and 1.3 than that observed inltha ray in the
case of Pb, Th, and U, respectivgyl—13. It may be added
that theoretical calculations by Berezhko, Kabachnik, and
Rostovsky[6] predict small values for the degree of align-
ment A,o~0.1 for theL; subshell ionization at photon en-
ergy well above its binding energy, i.63,<<0.05 for LI x
ray. With these points in mind, it was felt necessary to rein-
vestigate the angular dependence of photon-indlicrday
production cross sections.

In the present paper differential cross sections for produc-

the uranyl acetate target excited by the 59.5-keV photons from th#ion of theLl, La, L7, LBs, LB24, LB13, Lo 10, @andLy X

24.Am point source. The spectra taken corresponding to diffegent
are normalized for the same area under lthepeak. Insets ir(a)
(c), showingLl x-ray part, have the same magnification.

rays have been measured using the 22.6- and 59.5-keV inci-
dent photon energies, in the angular range 43°-140°. A Si
(Li) detector in vertical configuration and annular sources of
10%Ccd and?*'Am, available with us, have been exploited to

La x-ray production cross sections is strongly asymmetrigperform these measurements. ThelL a, Ly, LBg, LB 4,
with respect to reflection in the plane perpendicular to the.8; 3, Lg 10, Ly15, L¥236, andLy, x-ray production inte-

incident bean{Fig. 1(a)]. As mentioned earlier in this sec-
tion, the term involvingP,(cosy) is not expected in the

gral cross sections are also deduced and compared with the
theoretical calculated on¢&0]. It may be remarked that the

polynomial fitted to cross sections measured in such an ax22.6- and 59.5-keV incident photon energies are below the K

ally symmetric (noncoincident photoionization experiment
involving unpolarized incident beaf8-5]. In similar ex-
periments[17—-19 done using ion beams, the measutdd

threshold of uraniumgx=115.6 keV), therefore, vacancies
in thelL, andL 5 subshells will be produced only through the
Coster-Kronig transitions apart from the direct ionization.

andL a x-ray differential cross sections are fitted to polyno- The vacancies transferred to the subshell from the.; and
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TABLE |. Differential L x-ray production cross sections for uranium at the 59.5-keV incident photon energy. Error in measured values
are given in the last row.

X-ray production cross sectiorib/sr)

Emission  do(Ll)/ do(La)l do(Lyp)/ do(LBs) do(LBod! do(LBid! do(LBerg/ do(LB)  do(Ly)l

angle(¥) dQ dQ dQ dQ dQ dQ dQ dQ dQ
50° 1.90 32.5 0.61 0.66 11.0 23.8 0.36 36.4 8.75
68° 1.93 32.7 0.62 0.64 10.7 23.3 0.37 35.7 8.51
90° 1.97 32.4 0.62 0.68 11.0 23.1 0.39 35.9 8.59
112° 1.87 31.6 0.66 0.69 10.6 23.8 0.38 36.1 8.36
135° 1.96 32.7 0.63 0.64 10.8 234 0.38 36.0 8.59
1254 1.87 311 0.62 0.66 10.6 22.9 0.37 35.2 8.43
Error 0.17 2.3 0.07 0.08 0.8 17 0.04 25 0.70

3\easurements done usif§Am annular source and 188g/cnt UF, target.

L, subshells §=3) through Coster-Kronig transitions will a smooth background in the energy region above 8 keV. The
not be aligned. The number of vacancies produced irLthe L x-ray production differential cross-section measurements
subshell due to direct ionization and through Coster-Kronigcorresponding to forward emission angleg<{(90°) were
transitions, estimated using theoretical values of photoionizaperformed using the transmission geomdtfyg. 2(a)] and
tion cross section§21] and Coster-Kronig transition prob- those corresponding to backward emission anglies 90°)
abilities[22], are in the ratio 2.7:1.0 and 1.2:1.0 at the 22.6-were performed using the reflection geomeftRig. 2(b)].

and 59.5-keV incident photon energies, respectively. For measurements corresponding to the 90° emission angle,
the reflection geometry shown in Fig(c2 was used. In this
Il. EXPERIMENTAL DETAILS geometry, the target makes a 45° angle with the incident and
detected photon beams and the target-to-detector distance is
A. Experimental procedure the same as in the geometrical setups shown in Figsaad

The L x-ray differential cross-section measurements hav gb)- For dlszerenUal cross section measurements using the
been done using photon sources in the annular form as well Cd and *”Am annular sources, the geometrical setups
as the point form. For measurements using IH€d and  Shown in Figs. &) and 2e) were used. The strongly asym-
241am point sources, the geometrical setups shown in Figsmetrlc angular depenglence of production cross sections for
2(a)—2(c) were used. The®*Am (2Ci) and 1%°Cd (5 m Ci) theLl andl_.a X ra}ys[F|g. 1(@)] as repor_ted by Kahloat al.
sources, both procured from Dupont, U.S., are in the form of11—19 using point-source geometry is also expected to be
a circular flat ribbon of 30-mm diameter and 4-mm width. _ _ . _

The 2*!Am source was covered with Pb magk 4 g/cn‘? TABLE II. L x-ray pr_od_ucnon differential cross se_ctlons for
thick Pb in annular shape with a hple convert it to a point uranium at the 22_.6-keV incident photon energy. Error in measured
source of dimensions 5mr¥mm. This arrangement was V2IUeS ar€ given in separate rows,

further covered with Cu-Al-graded absork€r3 g/cnt thick

- Emission
Cu and 0.1 g/crthick Al) to absorb the 26.3-keV-ray and : .
. le(W X- duct tiorgb/
the NpL x rays from the unmasked portion 8f/Am source, angle() ray production cross sectiorib/sy
and the PbL x rays from the mask. This arrangement has do(Ll)/ do(La)! do(LB,g)! do(LBia! do(LB)/
been used as a 59.5-keV photon point source. Similarly, the dQ dQ dQ dQ dQ

10%Ccd source covered with a Pb-Al-graded mask has been

: 10 .
used as a 22.6-keV photon point source. The average energy_ Using "*®Cd annular source:

of Ag-K x rays emitted fromt°°Cd source was calculated to 24.4 404 113 293 423
be 22.6 keV by considering the weighted average of the er?’ 25.0 404 113 294 424
ergies of AgKa andK 3 x ray in proportion to their intensity 70° 25.0 404 117 304 438
values[23]. The 88.2-keVy-rays from whole of the/®cd ~ 100° 24.0 390 110 287 414
annular source, being partially absorbed in the Pb-Al maskl20° 24.4 407 115 299 431
also fall on the target. The measured cross sections haw#0° 24.0 404 116 301 433
been corrected for a small contribution due to thesays. A Error 24 27 9 22 29
Si(Li) detector [28.27mmx5.5mm, Be window Using '%Cd point source:
thickness=0.0254 mm and full width at half maximum 43° 24 408 109 285 410
(FWHM)=200eV at 5.89 keVin vertical configuration was 54° 27 410 106 276 398
used to detect x rays emitted from target. The detector wag7° 28 450 116 301 434
placed in a Pb housing to minimize detection of radiations102° 22 409 110 285 410
coming directly from the source and those scattered from the25° 26 408 110 285 410
surroundings. A 5-mm diameter Pb collimator was used inm30° 24 396 108 281 405
front of the detector. The Pb housing and collimator weregyror 4 36 11 27 37

lined from inside with Al. The whole arrangement resulted in
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observed in the measurements done using annular-source ge- I B LA
ometry[see Fig. b)]. The annular-source geometry has also 4.2 (a)

been used by various workef24—26 to measure elastic % CXC) R —  — B o ¥ 5.te s

scattering differential cross sections for low-energy photons, % 3.4

which are also expected to be axially symmetric about the g 028 4

incident beam direction and strongly asymmetric with re- 8 ™

spect to reflection in the plane perpendicular to the incident 2  [.... R T B b S .-

beam. £ 020 7

Spectroscopically pure targets of 12.7-mgfamany! ac- £

etate[ UO,(CH;CO0),-2H,0], (prepared by pressing pow- fz_’ 012k ]

der between two 2sm Mylar layers and 188ug/cnt UF, s [ S PSS S, LBs |

on 6-um Mylar backing(Micromatter Inc., USA were used. w r E E 1
A 0.04 | iy

The L x-ray spectra were takefn) using the uranyl acetate T e IR HEEE P S

target and thé**Am point source(ii) using the U target 50 70 90 110 130

and the!%®Cd annular sourcijii) using the UF target and Emission angle (y)

the 1°%Cd point source, andv) using the uranyl acetate tar- — : : :

get and the'®Cd point source. A PC-based multichannel 32F  (b) )

analyser(Canberra, Model S-10Qthas been used for acqui- g ...... SR §§§ _________ p S 4...!3.?;_3.:

sition of these spectra. To reduce statistical error in the above g 24| .

mentioned measuremenig—(iv), the spectra were recorded 2 ]

for total times of 25 h, 15 h, 100 h, and 12 h, respectively,at £ 16 LBy,

each angle. The integral count rate in thé Bidetector was > [ g e L

less than 400 cps in all the measurements. It ensured stability § 08F i

of the system and avoided deterioration of spectrum due to £ g9} ]

random summing effects. Typical spectra from the uranyl ¢ o . A Do B L]

acetate target, excited by 59.5-keV photons from#Ham & 006 Lp

point source, corresponding W =50°, 90°, and 130° are & oo L AR SRR S S

shown in Figs. 8&)—(c), respectively. Each spectrum shows °3f i

50° 70° 90° 110° 130°

well-resolved groups of thel, La, L7, LBs, LB24, LB13, o
LBo10, Ly1s, Ly2se andLy, x ray lines of uranium. In Emission angle (v)
the case of spectra taken at the 22.6-keV incident photon 5 & Relative intensity parametex for differentL x rays as

energy, the uraniunk y x-ray peak overlaps with the peak , nction of emission angles measured at the 59.5-keV incident
corresponding to inelastic scattered Agr x-ray. The en-  pnoton energy. Open and filled symbols correspond to measure-

ergy shift of_the inelastic scattered peak from the elastic scatments done using*!Am source in point and annular form, respec-
tered peak in spectrum from a lo#/Al target was used as a tively. Dotted line corresponds to the average value.

tool to define the angle of incidence in different geometrical
set- ups used in the present measurements. Furthefsipie to the detectors,, is the detector efficiency dtk
computer-based simulations were used to estimate the angu

. o X-ray energymis the mass thickness of uranium in the tar-
lar spread in the emission angle Of_ the deted:Iedays._The . Ig}et in g/cnf, and B, is the absorption-correction factor that
shape of the angular spread is nearly Gaussian wit

o . accounts for absorption of the incident photons and the emit-
FWHM~10° (see Fig. 3 of 24)). ted Lk x ray in the target. The cross sections were converted
to barns/atom units using the factor giver{ #7]. The values
of B« have been calculated using Eqg2) and (3) for the

The measured differential cross sectigos?/g) for Lk x  reflection and transmission geometrical setups, respectively.
rays were evaluated using the equation

do(Lk) Nk ! 1—exp[—2 {(nlp)yilcosty+(ulp)yi/cosd,tm;
dQ B 47TloGS|_kmﬁ|_k, ( ) ﬁ: ’

Ip)q;/cosO1+ (ulp),ilcoSOtmy
whereN, , is the number of counts/s under thiex-ray peak, Z {ulp) 1 (wlp)a 2hm,
I,G is intensity of photons falling on the portion of target 2

B. Evaluation procedure

1- eXD[ - Z [(n/p)1i/cosO1+ (ulp)ailcostr]m;

: ()

ﬁ:ex{z (1! p)2im; /c0s6,
' 2 [(u/p)1i /€086, + (1l )i /cOSH]M,
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FIG. 6. Absorption-correction factg@(Lk) and the ratio8(Lk)/B(L y) for differentL x rays in the case of the uranyl acetate target and
the 59.5-keV incident photon energy are plotted(ah and (b), respectively, as a function of emission angi), and in(c) and (d),
respectively, as a function of target thickness. Filled and open symbs @amd (b) correspond to reflection and transmission geometrical
setups, respectively.

where summation overstands for different elements present incident photon energy, measured using the uranyl acetate
in the compound target. u(/p),; and (u/p), are attenua- target and thé**Am point source, are listed in Table I. The
tion coefficients corresponding to the incident and emitted 1, [ «, LB, 3, andL B3, 4 x-ray differential cross sections in
photon energies, respectively, ith element present in the yranjum at the 22.6-keV incident photon energy, measured
target and were taken from the tables of Hubbell and COusing thin UR, target and thé®Cd source in point form as
workers[28,29. 6, and 6, are angles, which the incident \ye|| a5 annular form, are listed in Table II. Differential cross
an_d emitted photons make with the positive normal to targefactions for the weak 7, LBg, and L Bg 1o X rays at the
(Fig. 4). _ 22.6-keV incident photon energy are not being reported due

To determine the number of counts/s under thex ray 5 |o statistics. The percentage error in the measured cross
peakNy, each spectrum was analyzed for photopeak areageciions is attributed to uncertainties in different parameters
using a computer codeeAKFIT [30,31]. In this code, a non-  sed in Eq.(1), namely, error in evaluation of photopeak
linear least-squares fitting routine, involving fitting of multi- areas(~3% for strong and well-separated peaks and up to
Gaussian function plus pplynomial background, is used.' Thqo% for weak components separated using fitting proce-
,Ge values correspondlng_ to the 22.6- and 59.5-keV inCi-qures, in the attenuation coefficients used to evalugtg
dent photons were determined over the energy range 7—2%o5) in uniformity of target(5%), and in evaluation of the
keV and 7-30 keV, respectively, by measuring K& ray | g, | factor (5%). The error in evaluation of x-ray pho-
yields from spectroscopically pure targets of Ni, Cu, Zn, Ge’topeak areas in the spectra taken using thin ti#fget and
Se, Srf, YFs, ND,Os, MoO;, R, Pd, Ag, In, Sn, and BaF 1,6 1090 noint source is 5-15% due to low statistics and
(thickness 100_30@‘9/‘:”12,' Micromatter, USA and using o peak-to-background ratio. It is clear from Tables | and
the knowledge of theoretical x-ray production cross sec- || that the x-ray production differential cross sections for
tions [20]. The details are given elsewhef84,31. The \4riousL x-rays measured at different angles match within
productloGe corresponding to thék x-ray energy was eyperimental error at both the 22.6- and 59.5-keV incident
used in Eq(1). photon energies. Differential cross sections measured using
the 1°°Cd point source agree with those measured using the
105cd annular sourcéTable lI).

Thell,La, Ly, LBs, LBo4g, LB13, LBg1o, @andLy x The Ly group of x rays, being emitted following the de-
ray differential cross sections in uranium at the 59.5-keVcay ofL; (J=3) andL, (J=3) subshell vacancies, is ex-

Ill. RESULTS AND DISCUSSION



PRA 59 ANGULAR DEPENDENCE OFL X-RAY PRODUCTION . .. 2729

Also, the B, factors exhibit weak dependence on target

.06

16F o T - T -
o ; (@) Lo thickness [Fig. 6(c)] in the Vvicinity of the
g 1AL $-- $- R —  — 4 i 7 thickness=12.7 mg/cm used in the present paper. The ratio
‘g 12F Bik!BL,, directly involved in determination oQ(L), is
@ found to be nearly constant with¥ [Fig. 6(b)] as well as
8 o045 target thicknes$Fig. 6(d)]. Also, the detector efficiency ra-
2 040f P L B“EE _____ b Fo tio, £, /e, is the same in measurements corresponding to
E, 0.35 different ¢y because of the same position of the target with
£ 7 respect to the detector in different geometrical setups used.
2 010 Therefore, the angular dependence of paramér,) is
KPP S D W S— cxB W I Bego mainly determined by the peak area ratg, /N, in the
r spectra taken at differeqt Further, to look for anisotropy in
0.06 . ! R T emission of thel o, x ray, measurements were done using
50° 70° 90°  110°  130° the 2*!Am point source and the uranyl acetate target, and by
Emission angle (y) placing the KBr absorbe(thickness=27.0 mg/cr, prepared
e . by soaking KBr aqueous solution onto filter papeat the
16F (b) ' ' 3 collimator end close to the &ii) detector. Br has K-shell
3 14 E§§§ ------------ ba e E ------------- 5 Ei‘ binding energy of 13.474 keV and the jump rati6.974
5 ] [27]. This arrangement reduced the L, x-ray (13.618
‘aET 1.2 1, keV) count rate to~5% while the UL a, x-ray (13.442 keV\f
8 count rate is reduced to-50%, thereby changing the
E 045 ) NLq,/NLa, ratio considerablyfrom ~9 without absorber to
F i) T S {B“ ........ F— R ~1 with absorberin the composite peak. The measurements
g 035 done foryy=50° and 130° using th&Am point source and
° for y=130° using thé*!Am annular source, give fairly con-
£ 012 } ¥ stant values of the parametér (without correction for ab-
S 009 }§ } -------------------------- S §§$ ----- sorption in the KBr absorbgfor theL «, L 3, 4, andL B, 3X
0

rays. In these spectra, thelll x-ray peak overlaps with the

Br Ka x-ray peak. These measurements indicate that emis-

40° 60° 80° 100° 120° . £ th i also | ic withi . |
Emission angle (y) er(;(r)lro theLa, x-ray is also isotropic within experimenta
FIG. 7. Relative intensity paramet€rfor the L1, L, andL3, At the 22.6-keV incident photon energy, the relative in-

x rays as a function of emission anglemeasured at the 22.6-keV tensity parameter Q(L,) has been defined as
incident photon energyta) using °Cd annular source, antb) (NLkBp, £, )/ (NLg, Brreri), 1-e., using the B s group
using 1°%Cd point source. Filled and open symbols correspond tayf x rays instead of the y x ray used in case of the 59.5-keV/

measurements done using thin JHnd thick uranyl acetate targets, incident photon energy. Thie; 5 group of x rays, mainly
respectively. Dotted line corresponds to the average value. resulting from decay of thé, (j: ;) andL, (J= i) sub-
2 2

pected to exhibit isotropic emission;=0 in the case where shell vacancies, is also expected to exhibit isotr_opic emis-
the initial vacancy state i8= % [7]. Therefore, angular de- Sion. The peak corresponding to the8, 5 x rays is well
pendence of differential cross sections fdt x ray can be resolved and the fractional contribution of the8s x ray
borne out confidently by plotting the relative intensity pa-(Ls-Oag to this peak is only~0.05. The paramete® for
rameterQ(LK) = (N_BL,e.,)/ (NL,BLceL) for different x theLl, Lclzo, andL B, 4 x-rays measured using thm WEarget

ray emission angleg. This parameter represents the inten-and the_ QQd source in annular form and point form are
sity of the Lk x ray relative to thel y group of x rays. The Plotted in Figs. 7a) and 1b), respectively, for different.
parameterQ for differentL x rays at the 59.5-keV incident The values of paramet€ for these x rays corresponding to
photon energy is plotted in Fig. 5, for different emission different ¢ are constant within experimental error. TS,
anglesy. It is clear from this plot that emission of all thex ~ correction in the case of the YRarget used is small4 i
rays, including theL1, La, and LBs x rays originating =0.98). Therefore, the angular dependence of paranggter
purely from the decay of the; subshell vacancieslE& 3), in these measurements is also mainly determined by the peak
is isotropic within experimental error. It is worth mentioning aréa ratio,N /Ny g, . The values of the paramet€} for

that u,<<u, for the L x-ray emission at the 59.5-keV inci- thesel x rays determined from the measurements done using
dent photon energy, e.gu,=3.93cnf/gm [27] and u, uranyl acetate target, and tA&%Cd source in annular form
=58.9 cnf/gm [27] for the L 3, x ray emitted from the ura- and point form are also found to be consistgfigs. 7a) and

nyl acetate target. For the 12.7-mgfcthick uranyl acetate 7(b)].

target,B,  values are plotted in Fig.(6) for emission angles In similar measurements for Pb and Th at the 59.5-keV
in the range 40°-70° in the transmission geomdffig.  incident photon energy, the values of relative intensity pa-
2(a)], in the range 100°-140° in the reflection geom¢kly.  rameterQ for theLl, L«, andL B x rays are also found to be
2(b)], and for the 90° emission angle in the reflection geom-constant in the angular range 50°-130°. These observations
etry [Fig. 2(c)]. It shows nearly the same values@f, over  clearly contradict the strong anisotropy in emission oflthe
the emission angles involved in the present measurementand La x rays, as reported by Kahloet al. [11-15 and
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TABLE lIl. L x-ray production integral cross sections for uranium element at the 22.6- and 59.5-keV
incident photon energies. Error in measured values are given in parentheses.

X-ray production cross sectiorfbarns/atom

X-ray At 22.6-keV excitation energy At 59.5-keV excitation energy
Measured Calculated Measured Calculated

L1 30725) 315 24.120) 24.0

La 506Q35) 5022 40325) 382

Ly 10512 94 7.97) 7.3

LBs 10213 80 8.39) 6.1
LB24 143410) 1338 13510 120

LB13 3730290 3703 29321) 305

LB 10 25(3) 28 4.7142) 4.32

LB 5396376 5243 44930) 435

Lyis 901(72) 802 65.645) 60.7

L 72,3,5 - 290 34@26) 326

Lya - 325 5.95) 4.9

Ly - 1123 1067) 100

Ertugrul [16]. It may be added that the experimental andenergy. This will eliminate reduction in the observed anisot-
evaluation procedures adopted for the-ray cross-section ropy due to the transfer of unaligndd, and L, subshell

measurements in the present paper and by Katil@h.[11-  vacancies to thé; subshell through Coster-Kronig transi-
15] and Ertugrul[16] are the same. Further, we have alsotions, i.e.,k=1.
reported the measurddk (k=a, 8, andy) x-ray production In view of the above-established isotropic nature of the

cross sections for elements with<8&=<92 at various inci- ~€mission of different x rays, thel. x-ray production integral
dent photon energies ranging 10-60 kE¥2—35. These Cross sections were determined by multiplying the average of

measurements were done using annular source¥!an differential cross sections measured at various angles by a
and 1°°Cd radioisotopes in the direct excitation mog& factor of 4. Further, all the spectra taken at the 22.6-keV

—114° [36]) and in the secondary excitation modd incident photon energy were addeq an'd.analyzed for the
—148°[36]) using secondary exciters of Se, Y, Mo, Ag, Sn, WeakL 7, LB and L0 X rays using fitting procedures
and Dy elements in conjunction with th&'Am annular [30,31. The Ly, Xx-ray cross sections were deter.mlned
source. None of the measuremef@8—39 evidenced such a from the spectra taken at forward anglgs, Where this x-ray
strong angular dependence of tHeandL & x-ray production peak can be easily se_parated from t_he inelastic scatte_red Ag
cross sections as reported by Kahlenal. [11-15 and by Ka peak. The theoretical cross sections calculated using the

Ertugrul[16]. The measured integral cross sectifBa—35, Li_ subshell photoionization cross sections based on the
calculated assuming isotropic emission of the-rays, were Dirac-Hartree-Slater moddl21], L; subshell fluorescence

observed to be in general agreement with the theoretical onddelds and Coster-Kronig transition probabilities based on
[20,32-35. the relativistic Dirac-Hartree-Slater modé&2,37] and x ray

In conclusion, our measurements indicate, contrary t&Mission rates based on the Dirac-Fock mgg8], are also
other recently reported results, that emission of lthe given in Table Ill. The details of calculations are given else-
Ly, LBs, LBoas LB1s, LBoe1o, andLy x rays in the case where[20,31]. The measured results are found to be in gen-
of U, following ionization at both the 59.5- and 22.6-kev €ral agreement with the theoretical ones.
photpn energigs, is isotropic within experimental error. More ACKNOWLEDGMENTS
precise experimental studies are required to observe the pre-
dicted small anisotropyA,y~0.1) [6] in the emission of. x Financial support from the University Grants Commis-
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