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I .  mnOJUCTXCN

The overall objectives of our work on x-ray emission in heavy- 

ion collisions during the past yfjar have been to identify variuos environmental 

influences on x-ray emission from highly ionized atoms and to understand 

their behavior. Experiments concerning two different aspects of this 

subject have been carried out. Approximately 20% of the effort this 

year has been directed tcward studies of chemical effects on target 

x-rays, while approximately 80% of the effort has been directed tcward 

investigations of environmental effects on projectile x-rays emitted 

in solids. A brief summary of the most significant acccmplishments 

in these projects follows:

1. Multiplet Structure of Mg Ka X-Ray Satellites

A detailed study of the changes in relative intensities and energies 

of various Ka satellite multiplet components in the spectra of magnesium 

targets, upon variation of the incident projectile atonic number and the 

chemical environment has been completed. By using iterative deconvolution 

procedures to improve the resolution, it was possible to observe the 

dependence of the 2s- and 2p-ionization probabilities on the atomic 

nxsrber and velocity of the projectile. Large chemical shifts and intensity 

variations were found among the multiplet components in spectra for Mtj,

MgO, and MgF^. Semiempirical transition energy and theoretical intensity

calculations have enabled the identification of most of the lines 

contributing to the measured spectra.

2. Foil Excited K X-Ray Transitions in Few-Electron Sulfur Ions

An analysis of the foil excited spectrum of Ka, Ka , and K0
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x-rays frcrn H-, He-, Li-, and Be-like sulfur resulting from the passage 

of 65 MeV sulfur ions through thin carbon foils has been carried out.

The expected Kct structure based on theoretical fluorescence yields and 

transition energies closely resembles the measured spectrum. Ihis 

agreement supports the assumption that the initial states are populated 

statistically as a result of the large number of collisions the ion 

suffers during passage through the foil. A structural feature just 

below the He-like (̂ P) line was attributed to the presence of a 3s 

spectator electron. Transitions from the He-like (̂ P) state plus a 

3p electron was observed in the Kfi spectrum, but no evidence was found 

for projectiles emerging frcm the foil with a 3d electron.

3. Spectra of Ka X-Rays fran 64 MeV Sulfur Ions Traveling in Solids 

Measurements of the spectra of Ka and Ka x-rays emitted frcm 

64 MeV sulfur ions moving in solids liave been measured for e wide range 

of thick elemental targets. The primary objective of this study was 

to ascertain the extent to which various features of the x-ray relative 

intensity distributions and peak widths could be understood in terms of 

the systematics of cross sections for K- and Ir-shell ionization, 

excitation, and capture. An oscillatory structure in the ratio of H-like 

to He-like x-ray line intensities was found to be associated with the 

maximization of cross sections for electron capture frcm the target to 

the projectile K-shell. Similarly, observed oscillations in the Ka satellite 

relative intensity distribution was attributable to the maximization of 

cross sections for electron capture from the target to the projectile 

Ir-shell. The Lorentzian width of the He-like (̂ P) line was found to 

increase linearly with the product ZNa where Z is the target atomic
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nurctoer arvd Na is its atonic concentration. This behavior implies that

the total interaction cross section for the state is directly pro-

* -18 2
portional to the target atomic number. A value of 3-*7 x 10 cm was 

obtained for o/Z (where a is the total interaction cross section) using 

the slope of the width versus ZNa curve.

4. Dynamic Screening of Highly Stripped Ions in Solids

Hie potential of an ion is modified as it passes through a solid by

the polarization of the electrons iji the medium. This screening effect

alters the core electron binding energies of the ion and leads to

shifts .in the energies of emitted x-rays. Careful measurements of the

energies of H-like and He-like x-rays frcm 65 MeV sulfur have been

performed as a function of target thickness using carbon foils. The

results indicate that the He-like (*T) line is shifted down in energy by 2.6

2
eV and the H-like ( P) line is shifted down in energy by 3.6 eV 

dynamic screening in the carbon target. Measurements performed on 

various other thick elemental targets indicate that the x-ray energy 

shifts depend on the total electron density of the target.

5„ Angular Distributions of Target and Projectile X-Rays

The angular distributions of Al (target) Ka x-rays excited by 32

MaV oxygen ions and S (projectile) Ka x-rays excited during the passage

of 64 MeV sulfur ions through a thin carbon foil have been measured. In

the Cc-se of the Al x-rays, the KL^/KL® intensity ratio is fit by a value

qf p = -0.109±0.02, indicating a somewhat larger polarization than

previously observed. The angular distribution of the intensity ratio of the

3 1
P/ P transitions in He-like sulfur yielded a value of P « -0.285+0,12.
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IV. COMPLETED WORK

A. Spectra of Kg X-rays from 64 MeV Sulfur Ions Traveling in Solids 

(R. L. Watson, J. R. White, A, Langenberg, R. A. Kenefick, and

C. C. Bahr; Submitted to Phys. Rev. A). A preprint of this 

article is included in the appendix.

Abstract

Spectra of Kct x-rays frcm 64 MeV sulfur ions incident on a wide 

range of thick elemental targets have been measured with a plane crystal 

spectrometer. Various features of the spectra vtere found to be sensitive 

to the atomic structure of the targets. In particular, the Ka satellite 

and hypersatellite intensity distributions displayed oscillatory varia

tions "14% as a function of target atonic number. This behavior is 

satisfactorily accounted for by the systematics of electron capture 

cross sections. Considerable line broadening was observed and the 

Lorentzian component of the total line width was found to increase 

linearly with the product of the target atonic number and the atomic 

concentration.

B. Foil-Excited K X-Ray Transitions in Few-Electron Sulfur Ions 

(A. Langenberg and R. L. Watson; Submitted to J. Phys, B:

Atcm. Molec. Phys.) A preprint of this article is included in 

the appendix.

Abstract

The spectrum of Ka, Ka and KB x-rays from H-, He-, Li,-, and Be

like sulfur, excited during the passage of 65 MeV sulfur ions through

)
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thin carbon foils, has been measured. The observed structure agrees 

quite well with the structure predicted by theoretical transition energy 

and intensity calculations. A lew energy component of the He~like Ka 

line has been ascribed to the presence of a 3s spectator electron. The 

present results are compared with those obtained in laser-plasma experiments 

and those frcm previous beam-foil measurements.

V. WORK IN PROGRESS

A. High-Resolution Study of the Target Thickness Dependence of X-Ray 

Emission Frcm 65 MeV Sulfur Ions (R. L. Watson, A. Langenberg,

J. R. White, R. A. Kenefick, anet J. MjCalpin)

As a fast heavy ion passes through a medium it undergoes multiple

collisions in which electrons are continuously lost and recaptured by

the ion and as a result, an "excitation equilibrium" is quickly established.

Ihe development of K-vacancy states in several heavy-ion solid-target systems

1-3
has recently bean investigated by a number of experimenters.

A quantitative description of the target thickness dependence of the

fractions of the incident beam which possess zero, one, or two K-vacancies

is provided by a three component model which was originally used by

Allison** for the analysis of charge-changing collisions of H and He.

Hie rate of change of the beam fraction having k K-vancies, Y^, with

2
respect to the target depth, X (in units of a tans/cm ), is expressed 

by the differential equation
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where a, . = cross section for changing from k to j K-vacancies (i.e., 

icnizaticn and excitation, electron capture and decay).

In the case under consideration k ~ 0, 1, or 2 and three ionization + 

excitation cross sections (CJoi|,a02'a12^' 30(3 three electron capture, -f 

decay cross sections (o^q, c^q, are involved. The K-vacancy 

fractions are given by the following general solution to the coupled

4
set of three equations represented by eq. (1):

Yk (X) - Ykoo- f(qrk,X)e“1/2aTX (2)

where ^  - £ Sj °kj 

j*k

Ykco = lirrij^ Y^(X) = equilibrium vacancy fraction 

q « number of K-vacancies in the incident beam

The Ykoo and f(q,k,X) are given by complicated expressions involving the

4
varxous and o^.

The above formulation may be applied to the description of the production

5
and decay of specific excited states involving K vancancies. For

the purpose of demonstration, and to obtain estimates of the pertinent

cross sections, we have performed high-resolution measurements of the

spectra of K x-rays emitted by 65 MeV sulfur ions incident on carbon

o
foils ranging in thickness frcm 10 to 400 yg/cm . Spectra obtained 

at an observation angle of 90° using a NaCl crystal are shewn in

Fig. 1 for several target thicknesses. The group of peaks on the

£ C\ *7
left-hand side of Fig. .1 contains the KL , KL , and KL satellite 

lines, while the group of peaks on the right-hand side contains the
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Fig. 1 Spectra of Ka x-rays frcm 65 MeV sulfur ions incident on carbon 

targets of different thicknesses.

O f  0 A O "7
fL'1, K L , and K L hypersatellite lines. The two most intense peaks

2
in the satellite region of the 15 yg/cra spectrum arise fran the He-like

sulfur initial states 2^P^ (2447 eV) and 2^P (2460 eV). The most intense

2
peak in the hypersatellite region of the 15 yg/an spectrum arises frctn

2
the H-like sulfur initial state 2 P (2621 eV). The large decrease in 

the ^P intensity as the target thickness increases reflects the fact

3
that the mean lifetime of the P state is much longer than the average tune

3
between collisions. Therefore, only P states which are populated near 

the back surface of the target and hence decay outside the foil are observed.
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We have applied the 3-component model discussed above to the des-

2
cription of the thicJmess dependence of the ratio of the P transition 

intensity to the ^P transition intensity. Assuming that the L~shell 

reaches a statistical equilibrium much more quickly than the K-shell 

and that the L-shell vacancy distribution is independent of the number 

of K-vacancies, the number of x-rays per ion that originate frcm state 

J and escape through the front surface m y  be expressed as

(3>

where w , = fluorescence yield for state J (outside foil)U
G, « initial state population probability 
J

3
n « target atcms/cm 

v = projectile velocity

*= mean lifetime of state J

^  \  -  P V x> e' toAX 1311
2

where Y^(X) - fraction of beam having k K-vacancies at depth X atcms/cm 

(given by eq. 2) 

e~k0&X _ gksQj-ption correction

2
t - target thickness (atcros/cm )

and Fk ® Yk (t)e~koAt

Dj « [1 - exp (- ^~) ]

where d = path length for observing x-ray emission beyond the foil.
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Ihe first term in eq. 3 gives the contribution to the x-ray yield frcm 

emission inside the foil while the second term gives the contribution 

fran emission outside the foil.

The object, then, is to fit the measured variation of the ^P/P 

intensity ratio as a function of target thickness using eq. 3 and thereby 

deduce the cross section c ^ r  °q2 v °io' °21' a20* tJn̂ ortunately»

it is not possible to obtain a unique set of cross sections in this way 

without imposing certain restraints. We have chosen the following 

starting conditions:

°02 ^2
a. — « A

*01 *1 ^ °
b. a12 * 1/2 aQ1

c. s 1/2 a21

In addition, it was requ.ured that ^ + Y2 M =0.5, as was determined

previously by Hopkins et al.® The electron capture contribution t o o ^

is expected to be much smaller than the decay contribution on the basis

7 8
of theoretical estimates. ' Hence this cross section was fixed at the

-19 2 -19 2
value 3.3 x 10 cm , of winch 3.0 x 10 an represents the decay

contribution as determined from the average lifetime of single K-vacancy

9 -19 2
states and 0.3 x 10 cm represents the electron capture contribution

as estimated frcm the Oppenheimex-toinkmann-Kramer (OBK) formula given

7
by Nikolaev (including screening). This latter cross section has been 

reduced by a factor of 0.34 as indicated by the recent work of Chan
Q

and Eichler.

The resulting cross sections are 

Oq^ b 2.8 x 10~ ^  cm^

°12 ** ^'8 x  cn'2
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°21 ** X ^  ^  CtĈ  

o1Q » 3.3 x 10~19 cm2

o20 - 0.0 1 x 10"18 an2

2 1
and the representation they give of the P/ P intensity ratio thickness 

dependence is shown in Fig. 2a (solid curve). Because the projectile 

energy dependence of the above cross sections has not been taken into 

consideration, the model calculation is not expected to give a good 

representation of the data for large target thicknesses.

oQ2 «  0 . 0 7  x  1 0 ~ 19 cm2

2
Fig. 2 (a) The ratio of the intensity of the H-lxke P transition

to the intensity of the He-like transition as a function of

carbon foil thickness, (b) The ratio of the intensity of the

3 1
He-like P transition to the He-like P transition as a function

of carbon foil thickness. The solid curves shew the results

of the 3 component model calculation.
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In Pig. 2b is shown the variation of the ^P/^P intensity ratio with

target thickness. The data points lie scmewiiat above the predictions

of the 3 component model calculation, but this is because the experimentally

determined intensity of the P peak contains overlapping contributions

frcm several Li-like transitions.

Having establ: '.oed values for the various cross sections required in

the 3 component model, it is now possible to calculate the number of

x-rays per ion frcm specific initial states, which originate inside

and outside the foil, and escape through the front surface. The results

2
of such calculations are shown in Fig. 3 for the H-like P and He-like 

^P^ and ^P transitions.
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B * Dynamic Screening of Highly Stripped Sulfur Ions In Solids.

(R. L. Watson, A. Langenberg, R. A. Kenefick, and J. R. White)

The passage of a highly stripped ion through a material medium causes 

a polarization of the loosely bound electrons of the medium along its 

trajectory. In effect, the polarized electrons act to screen the ion 

potential, thus changing the core electron binding energies of the pro

jectile. As a result of this "dynamic screening" effect, the transition 

energies, between electronic states of the ion inside the medium are 

different frcm those in vacuum.

Interest in this effect was originally generated by the work of

Bell et a] in which the energy shift of the He-Iike 2^P -> l^S transition

3 1
(measured relative to the 2 + 1 S transition) in 95 MeV sulfur was

determined for A1 metal. Apparently there has been no further experimental

vrork on this interesting problem since. In the meantime, several

2
theoretical analyses have been reported? that of Jakubassa, and that

3
of Tejada et al.

We have performed a series of experiments aimed at assessing the 

feasibility of determining accurate x-ray energy shifts for the He-like 

2^P -> 11S and H-like 2^P l^S transitions in 65 MeV sulfur frcm absolute 

transition energy measurements in thick targets. Our ultimate goal is 

to investigate the dependence of dynamic screening on target electron 

density, projectile velocity, and projectile atomic number.

While in principle the problem is straightforward, in practice 

several complications arise. First of all, in order to determine accurate 

absolute energies for x-rays emitted frcm fast-moving ions, Doppler shift
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corrections must be applied. This requires a precise knowledge of the

spectrometer observation angle and the ion velocity. A second complication

arises from the fact that other x-ray transitions may overlap with the

ones of interest causing an apparent energy shift. This is in fact the

situation for the case of present interest. Low energy components

associated with the presence of an M-shell (most likely 3s) spectator

1 2
electron reside within the P and P peaks .in the spectrum of x-rays

4 5
observed fran 65 MeV sulfur ions. '

The first problem was solved by using a plane crystal spectrometer 

Which is mc'inted on a turntable, thus enabling it to be positioned at 

any observation angle between 162° and 20° with respect to the beam axis. 

The observation angle is established by a set of entrance soller slits 

having an angular divergence of 0.3°. The initial alignment of the system 

was accomplished with the aid of a laser and is estimated to be accurate 

to ±0.2°. An energy calibration was performed during each run using either 

2.75 MeV protons or 32 MeV oxygen ions to generate Ka x-rays frcm solid 

sulfur (SQ) and chlorine (KC1) targets.

As a check of the alignment, sulfur-ion spectra were measured at 

several angles using both NaCl and Ge Bragg crystals. Measurements were 

performed at an observation angle of 161.5°, where the variation of the 

Doppler shift with angle is fairly small (dE^/dG = 0.8 eV/deg), at 

135° (where dE^/dG * 1.0 eV/deg), and at 90.0° (where dEp/de * 2 . 8  eV/deg). 

The Ka x-ray energies determined at all angles and with both crystals 

displayed an average root mean square deviation of 0.36 eV.

The objective of this work was to measured the x-ray energy shifts 

for the He-like (*P) and H-like x-ray peaks in a thick carbon target.

It is therefore necessary to know the energies at which these peaks



19

vrould appear if they were observed in a vacuum. Because of the overlap 

with spectator transitions (as discussed above), the theoretical energies 

for pure transitions cannot be assumed. In order to establish these 

energies experimentally, spectra were taken for a range of carbon foil 

thicknesses and the peak energies determined as a function of target 

thickness. The results of these measurements are shown in Fig. 1.

Fig. 1 The measured energies of the He-like (*p) and H-like Ka x-ray 

peaks for 65 MeV sulfur (corrected for Doppler shift) as a 

function of carbon target-foil thickness. The solid lines were 

calculated frcm the 3 component model.
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In terras of the fraction of x-rays originating from outside the 

target fg, the average energy of an x-ray peak is given by

E * f0E0 + ( l - f^ i j .  (1 )

where Eq = average peak energy outside the target (i.e. for emission in 

vacuum)

Ej = average peak energy inside the target

The peak energies for emission inside the target (Ej) were determined directly 

from spectra measured for thick carbon targets at an observation angle 

of 88.3° (where the Doppler shift varies quite slowly with projectile velo

city for 65-50 MeV sulfur ions). For the He-like (*P) peak = 2457.8*0.3

eV and for the H-like peak E = 2617.4±0.5 eV in thick carbon. Then,

2
using the fg calculated for the thinnest target (20 ug/cm ) by means 

of the 3 component xrodel analysis described in the preceding article (V-A), 

and the measured energy E for the target thickness, it was determined that 

Eq « 2460.4 eV and 2621.0 eV for the He-like (̂ P) and H-like peaks, 

respectively. In Fig. 1, the dashed line at the bottom of each section 

indicates the peak energy observed in a thick carbon target, wiiile the 

dashed line at the top indicates the theoretical energy for a pure 

transition in vacuum. The solid curves in Fig. 1 were calculated from 

eq. (1) using fg values given by the 3 component model.

The final values obtained for the energy shifts EQ - Ej are 2.6±0.4 

eV for the He-like ('h?) peak and 3.6±0.5 eV for the H-like peak in carbon.

The predicted energy shift for the He-like line, as calculated frcm the 

analytical result of Jakubassa is 4.7 eV. A theoretical estimate of 

the shift expected for the H-like line may be obtained from the calculations
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of Rogers et al.6 for a static screened potential by using a dynamic screening

constant instead of a static screening constant. Such an analysis

gives a shift of 2.1 eV.

Hie He-like ("h?) peak energy shift is considerably larger than that

observed by Bell et al. in Al using 95 MeV sulfur (1.0 eV) This

presumably reflects the fact that the electron density is higher in

carbon than in aluminum. Also, the x-ray energy shift is predicted to

2
have a 1/v dependence. Experiments directed at investigating these 

dependencies are currently in progress.
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C. Mg Ka X-Ray Satellites Excited by Ion Bombardment; I. Multip.let 

Structure (A. Langenberg and R. L. Watson)

Hie identification of the observed Ka x-ray satellites in ion 

excited spectra with the 90 transitions allowed in LS coupling is a 

difficult task. One cannot rely on even the most accurate calculations 

of transition energies known today. Additional information about the 

intensities obtained both theoretically and experimentally (by studying 

the dependence on projectile atonic number and velocity), seems to be 

indispensable for a correct identification. Without knowledge of all the 

initial configurations and terms excited in ion-atom collisions, however, 

neither x-ray nor Auger electron measurements can give a complete account 

of the collision mechanisms in ion-atctn collisions. This holds also 

for the more sophisticated impact-parameter-dependent measurements.

In last year's progress report'*' we presented results for 5.4 MeV

+
He ions .incident on different Mg compounds. This work has been extended

to other ions (2.75 MeV H+ , 32 MeV 02+, 40 MeV Ne2+, 64 MeV S4+), and

24*
to other velocities (23, 40, and 52 Ne ions). The calculation of 

transition energies has been improved by the introduction of semiempirical 

term separations for configurations with S, P and D terms. In single 

configuration Hartree-Fock (SCHF) calculations, the ratio of distances 

between the S and P, and P and D terms is independent of the electron 

configuration (and is equal to 3/2), whereas optical data indicate that 

its value ranges from 0.7 to 3.2, depending on the electron configuration 

and atomic number. ,

In Table 1 the calculated energies and relative intensities for the 

first four satellite groups of Mg are given. The relative intensities



Table I. Calculated Mg Ka X-Ray Transition Energies and Relative 
Intensities.
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Satellite
Group

Initial
Electron

Configuration Transition
E x(ev)

**»!

KL° 1262 2S -v 2P 1252.8 1.

KL1 1162 *s b 1257.1 .120

3s + 3P 1261.4 .553

1252 *p -*■ 1s 1258.2 .120

-v hi 1263.3 .581

3p 3p 1261.6 1.

KL2 1062 2s + 2P 1269.1 .181

1152 2s 1263.5 .066

■+ 2p 1260.7 .153

2d 1270.9 .752

2P++ 2S 1270.3 .013

* 2P 1267.4 .263

-V 2d 1277.7 .068

4P - 4P 1270.3 1.

1242 2D + 2P .1268.8 .164

-> 2d 1272.4 .481

2P * 2P 1270.5 .400

2d 1T74.0 .658

2S + 2P 1272.7 .146

4P -> 4S 1270.8 .458

KL3 1052 •4* 1s 1273.6 .062

1283.4 .315

3P 3P 1280.7 .594

1142 h> + *p 1274.0 .064

+ hi 1279.2 .171

h? + 1? 1280.9 .211

+ h> 1286.1 .352

1s + 1P 1282.2 .052

3d  + 3p 1278.6 .285

+ 3d 1283.7 .843

3P_ + 3S 1267.9 .022

* 3P 1278.8 .597

+ 3d 1283.9 1.
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T a b le  I  (C o n tin u e d )

Initial
Satellite Electron E j
Group Configuration______Transition___________ y ~ __________ rel

1232

KL4 1042

1132

1222

V .  3S

V p

1279.8

1290.7

.262

.025

+ 3d 1295.8 .037

3S * 3P 1286.8 .279

5P + 5s 1282.2 .903

h> 1285.1 .593

1283.8 .187

1289.1 .233

3D *► 3P 1282.8 .536

3P -► 3P 1286.8 .375

3s + 3p 1286.1 .609

^  2P 1287.6 .057

-»■ 2d 1294.8 .175

2P 2P 1290.4 .147
2L-+ IJ 1297.6 .251

2 2 
S -V P 1298.4 .058
4 4
P -> s 1293.0 .225

2d_.+ 2p 1284.5 .018

->■ 2d 1295.5 .373

V 2p 
+ 2 
-> D

1291.7

1302.8

.110

.063

2P_-v 2s 1293.2 .121

-► 2P 1290.2 .013

-► 2d 1301.3 .155

2p++ 2S 

- 2P

1300.5

1297.5

.015

.079

+ 2d 1308.6 .019

2S 2p 1298.2 .332

4d 4P 1294.2 .395

4P -> 4P 1300.0 ■ .316

V  4P 

4S -*• 4P 

4S •+ 4P

1295.7

1312.0

1275.2

.010

.151

2d  * 2P 1297.9 .143

2P 2P 1300.3 .583
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T a b le  I  (C o n tin u e d )

Initial
Satellite Electron 
Group Configuration Transition

E^(eV)
Irel

2S 2P 1304.0 .039

4P + 2P 1288.7 .125

KL5 1032 -> 1309.5 .086

•hp h- -̂s 1305.8 .031

-*• h) 1317.4 .039

3d  3P 1306.1 .094

3p ■> 3p 1314.0 .076

3S + 3P 1310.9 .432

5s -V 3P 1295.1 .040

1122 ■*!)-> 

h  +  h  
Xs -V ^

1307.1

1314.4

1313.4

.024

.146

.007

3D -V 3P 1311.1 .122

3P_-v 3P 1312.1 .737

3P *v 3P
3 3 
S ■+ P

1323.6

1317.5

.013

.057

1212

5P *  3P

h> + Yls

1294.0

1316.3

1.

.081

KL6 1022 2d +  2P 

2P \

1323.8

1327.3

.106

1.

2s ->• 2P 1336.5 .048

4P +  2P 1314.5 .086

1112 2P_* 2S 1326.6 .710

2P •> 2S 

4P -> 2s

1338.0

1313.6

.018

.696

KL7 1012 *P •+ xs 1344.9 1.

3P1-»- 1s 1335.8 1.
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are proportional to (2L + 1) x (2S + 1) x ui^, that is, a statistical 

population of initial states is assumed. The fluorescence yields 

were obtained by extrapolation frcm Bhalla's calculations for N,

F and Ne. Note that statistical population is assumed for all 

Initial terms of ions with the same number of K- and L-holes. This is 

equivalent to the assumption that the ionization probabilities (per 

electron) for 2s and 2p electrons are equal. This is probably not a 

very good assumption as will be discussed in the following artical (V-D).

Ixi Fig. 1 a measured Mg spectrum is compared with a "theoretical" 

spectrum calculated frcm the energies and relative intensities given in 

Table 1. Each transition is represented by a Voigtian lineshape having 

(Gaussian) instrumental broadening- of 0.8 eV and (Lorentzian) natural 

linewidths obtained frcm scaled values of the total decay rates calculated

3
for Ne by Chen and Crasamann.' The measured spectrum was (iteratively)

deconvoluted until it showed an increase in resolution of about 30%.

The observed and calculated peak energies agree quite well in nearly all

2
cases, however the calculated relative intensities of sane of the KL 

peaks do not give a very good account of the observed structure. In

3
the KL satellite group several of the predicted peaks are not observed 

in the measured spectrum.
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1

Fig. 1 Comparison of a measured and calculated Ka x-ray spectrum 

for Mg produced by 5.4 MeV He ion bombardment.
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D. Mg Kg X-Ray Satellites Excited by Ion Bombardment: II. Dependence 

on Projectile and Chemical Environment (A. Langenberg and R. L. 

Watson)

Portions of the Ka satellite spectra of Mg obtained with a variety

of ions are shewn in Fig. 1 a, b, and c. For purposes of comparison,

each has been normalized to the highest peak of the satellite group. We

observe that the ratio of the a-j and a^ intensities (Fig. la)

+ 2+
increases with increasing atomic number of the projectile (H -> 0 ).

This might be due to (i) Coster-Kronig transitions which would convert 

2s holes to 2p holes prior to Ka x-ray emission, (ii) a varying 

(non-statistical) population of the initial state terms, or (iii) a 

change in the ionization probability of a 2s electron compared to that 

of a 2p electron. Note that the a^ satellite originates frcm the 

initial state vacancy configuration (ls’"*2p”*), whereas the satellite 

contains contributions from both initial electron configurations (ls~^2s~^) 

and (ls~12p~1).

In Figs. lb and lc essentially the same behavior is observed for 

2 3
the KL and KL satellite groups; that is, the ratio of the intensities

of the high energy components of the satellite group (ag and a^Q,

respectively) to those of the low energy components (a5 and a-^, respectively)

decreases with increasing projectile atomic number. Because of the general

1 2  3
nature of this observation (for KL , KL , and KL satellite groups) the 

same explanation should apply to all three satellite groups. As for 

(i), the Coster-Kronig transitions, a SCHF calculation for free Mg 

atoms indicate an excess energy of +8.4 eV for such transitions frcm 

KL* initial states (ls’"*2s*"^), but increasingly negative energies for
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Fig. 1 Portions of Ka satellite spectra of Mg observed with a variety 

of ions.



3 0

these transitions fron KL^ and KL3 initial states (-10.5 eV and -69.2 eV 

2 3
for KL and KL , respectively). A non-statistical populate on of terms

might very well explain the a4 to a3 intensity ratio, where has only

one intial term (*P) and oj only two (3S and 3P). Hcwaver, for the 

2 3
KL and KL satellite groups, the observed satellites consist of 

numerous transitions from many different terms and one expects preferential 

population to have a much smaller net effect.

Tfte transition energy calculations described in the preceding 

report (V-C) indicate that, in general, screening by 2s electrons 

leads to higher transition energies than screening by 2p electrons, and 

this holds for all the satellite groups. The general explanation of 

the changing ratios of intensities can thus be found in a systematic 

decrease in the probability of 2p subshell ionization relative to the 

probability of 2s subshell ionization as the projectile atomic number 

increases.

The Mg KL^satellite groups observed with Ne ions at several different

energies are shown in Fig. 2. It is observed that the to a-j ratio

increases with the velocity of the Ne ion, approaching the ratios obtained 

4* 4*
for light ions (H , He ). At the same time, a bump on the lcw-energy

2+
si.de of the ot̂  satellite disappears with increasing velocity of the Ne

ions. Note that for decreasing ion velocities (at about 2 MeV/amu)

2 3
the intensities of the higher satellites (KL and KL ) increase. A

calculation of the multiplet structure (preceding article) indicates 

2
a KL transition has just the right energy to explain the bump on the 

left side of ct-j.

The influence of the chemical environment on the multiplet structure
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Fig, 2 The Mg KL1 satellite groups observed with Ne ions at several 

energies,

of Mg Ka satellites is shewn in Fig. 3. In Fig. 3a and 3b rather striking 

differences occur between the structures obtained fran Mg and MgO targets

4. t
by the He bombardment. In general,, small transition energy shifts 

are expected, which, according to the existing literature (for electron 

excitation), should increase with the number of L holes. The shifts 

in binding energy for the valence electrons will, however, be quite 

large. This might explain the drastic change in the intensities of the 

(a3 and ce4) satellites of the KL^group: the rates of the Coster-Kronig
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__________ L—_________I__________ I__________ I__________1_________ 1_
1250 1260 1 2 7 0  1280

ENERGY (eV)

Fig. 3 A comparison of Mg Ka satellite spectra for Mg metal arid MgO

2+
obtained with 2 MeV/amu He' and 0 ions.
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electron. A possible explanation of the observed intensities is

provided if the C-K rates are very high in MgO, and much lower in Mg

metal. Free atom calculations will be of little help in resolving this

question. Also, small shifts in the transition energies of the higher

satellites might influence the way these transitions are mixed in the

observed satellites.

Another interesting observation is that the drastic change in

intensity ratio for the and satellites of KL1 disappears when Mg

2+
and MgO targets are bombarded with the heavier ion 0 . In this case

2
we must take into account the possible overlap of a KL transition with

2
the a3 satellite, since the KL satellites are much more intense than 

the KL1 satellites in spectra excited by heavy ions. Nevertheless, the 

conclusion is that for heavy ion impact, C-K transitions become unlikely, 

both for Mg metal and MgO, whereas they seem strong for MgO when bombarded 

by light ions. This is probably a result of the higher states of M- 

shell ionization produced by heavy ions.

t r a n s it io n s  d ep en d  c r i t i c a l l y  o n  th e  e x c e s s  e n e rg y  o f  th e  e je c te d  M
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Angular Distributions of Beam and Target K X-Rays (D. A. Church,

R. Doemer, C. S. Lee, R. A. Kenefick, A. Langenberg, J. R.

White, and R. L. Watson)

Due to the directional nature of the heavy-ion fast-beam excitation 

geometry, anisotropically excited K-vacancy states in the projectile 

and the target are produced. The excitation anisotropy is mirrored by 

a proportional intensity anisotropy in the subsequent emission of x-rays 

or Auger electrons. The goal of this work is to measure the x-ray 

intensity anisotropy of certain transitions in high resolution, and 

frcm that to deduce the cross sections for magnetic sub-level population. 

Knowledge of such intensity angular distributions is relevant to our 

other research goals, since it is often necessary to compare relative 

intensity measurements at different angles.

The intensity anisotropy corresponding to the .incoherent alignment of the 

magnetic sub-levels of a given state is related to the linear polarization 

fraction P s 1 1 Jl w*lere tllG intensities I are measured

with a linear polarizer oriented either parallel to or perpendicular to 

the exciting beam, and the light is collected at 90 degrees to the 

beam direction. The related angular distribution of intensity can be 

written in theforml(e) = 1(90) (1 - P cos26) where 1(90) -  I )(+ 1^.

The direct measurement of polarization in a high-resolution experi

ment requires the use of the crystal spectrometer both as a disperser

1-3cind as a polarization analyzer. Since the Bragg and Brewster angle 

conditions are exactly satisfied only by chance for a particular transition, 

a direct polarization measurement at angles different frcm the Brewster
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angle requires a correction to P. The correction factor for a perfect

2 2
mosaic crystal is theoretically given by (1 - cos 20fi)/(l + cos 20fi)

where eB is the Bragg angle. The correction factor for the crystals

actually used cannot be determined from the measurement.

In an angular distribution measurement, with our spectrometer

geometry, the measured intensity Im (0) at angle 0 is given by

I  (0) = 1(90) (1 - P oos2e) where p = P/(l + (1_P-) tan2 20J for a m m m o
perfect mosaic crystal. If P is known, the data can be fit to the

2
crystal reflectivity by replacing tan (2eB) with a function F(G^)

to be determined by the fit to the data. Alternatively both ? and

F(0n) could be simultaneously determined by a constrained fit, but at 
Jo

the cost of lower precision.

A plane-crystal Bragg spectrometer is pivoted in a horizontal

plane about a vertical axis centered under the target foil, as shewn in

Fig. 1. The target foil can also be pivoted about the same axis.

The x-ray count rate at each angle is normalized to the number of

Rutherford-scattered ions produced by an upstream stripper-fcil. A

single foil target-thickness and inclination angle were used for each

angular distribution measurement, since certain transition relative

intensities (e.g. ^P/^P for helium-like S) are thickness dependent5 '̂

3 1
due to the relative metastability of the P- S transition. The angular 

measurement range of the spectrometer was typically limited to values 

between 27 and 145 degrees, to avoid beam blockage. The K x-rays 

were observed along a 1 cm path length by directing the soller slits 

at the pivot axis. Both target and beam x-ray spectra were fit using 

the program FACELIFT (see article V-G) which employs adjustable Gaussian
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/
. Fig. 1 A schematic diagram of the experimental arrangement.

and Lorentzian shapes (Voigt functions) to account for instrumental

and collision broadening.

The basic spectrometer calibration was established by measuring the

angular distributions of Al target x-rays excited by a 32 MeV oxygen

beam. In these measurements, eB was constant for each individual

spectral line in a typical scan (a PET crystal with 60 - 71 degrees

1
for KL was used). A portion of the fitted spectrum is shewn in Fig. 2.

The KL® (Ka^ transition pair is expected to be unpolarized, since it

2
arises frcm an s state; the KL group is also expected to be unpolara.zed

because of the large number of overlappying lines it contains, while

1 1-3
KL is expected to have a negative value of P. Fig. 3a shows that

2 0
the intensity of KL /KL is independent of angle, indicating that the



37

3 2  M e V  0 - - A &  T A R G E T  S P E C T R U M  , ^ z
r' \  \

V.

V •* i* 
f • •

• * • • I« • • •
f t  m t *

kl°  *
*

t
• &•

A

• •• .

*1
tr * ■ • • •* , , • „ .  * * I** , ,« * ■ #
T «J * * * . 1 . I ..** * « * •^  u,s

1 E STSt:"̂  r n̂TTjj ■ ft-•" ; i; li:! * >'̂  ̂̂  it
|  ̂— ,„„„ :,c.u.-.v:;;r.;: ..v.-'.-r. : .\--.:.r..'.,v.,;. .-.r, •,■•■• r. y . : ^ ;:.■

Fig. 2 A portion of a Ka x-ray spectrum for Al excited by 32 MeV oxygen 

ions.

spectrometer has no systematic intensity vs. angle dependence. The

intensity ratio IClV kl® is fit by a value of P = -0.109±0.02, indicating

a somewhat larger polarization than the anomalously lew value measured

by Jamison et al.* for oxygen excitation.

For fast-beam x-rays, the Bragg angle efi varies substantially for

a given transition as a function of angle due to the first-order Doppler

effect. Furthermore, the angular distribution must be transformed according
COS0- + H

to the relativistiu angle transformation cos 0 ** .-q-- where 9^ is
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Pig, 3 (a) Angular distributions of K x-rays fran an Al target

excited by 32 MeV oxygen ions, (b) Angular distribution of 

K x-rays frcm He-like S resulting fran foil excitation at 

64 MeV.
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Absolute intensity measurements require further corrections. We measured 

the angular distribution of the intensity ratio 3P/^P in helium-like S 

using a NaCl crystal. These are thought to be the first high-resolution 

angular distribution measurements on such transitions. Fig. 4 shows 

a fitted portion of the K x-ray spectrum of highly-stripped S and the 

results of a preliminary analysis are shewn in Fig. 3b. In these 

measurements, volume excitation favors the production of over ^P, 

but the inital analysis assumes that both levels are excited in the 

same way. Here IC^PJ/K1?) ® ^QS^Ol^ ^'"^p3 “ pl̂  cos20) =

(Iq3/I01) (1 - P cos e + (0) cos'e) where P3 and P^ are << 1. The polari

zation of each level differs inherently because of the different 

couplings to the electronic spin. Cross sections for excitation 

of svib-levels can be determined from such data.

In sumrary, we have measured the angular distributions of both 

target and projectile K x-rays in high resolution, with moderate precision, 

successfully demonstrating the feasibility of the technique, as well 

as the fact that such polarization occurs to transitions from the levels 

of highly stripped ions. Before the final analysis is made in terms of 

sub-level cross sections, which are amenable to theoretical interpre

tation, we plan to collect data with better statistics, and to improve 

the beam normalization, which is still not as good as desired for high 

precision fast-beam x-ray distributions. Further, we plan to use other

foil gecinetries to test for the presence of surface excitation of 

7 8
anisotropy. '

th e  tre a s u re d  la b  a n g le  a n d  8 =  v /c  *  0 . 0 6 5  f o r  2 M eV /am u S io n s .
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Fig. 4 A portion of a foil-excited Ka x-ray spectrum of highly 

stripped sulfur ions.

References

1. K, A. Jamison, P. Richard, F. Hopkins, and D. L. Matthews, Phys. 

Rev. A 17, 1642 (1978).

2. K. A. Jamison a*vd P. Richard, Phys. Rev. Lett. 38, 484 (1977).

3. K. A. Jamison, Proc. Conf. Appl. Small Accelerators, IEEE Trans. 

Nuc. Sci. NS-26, 1006 (1978).

4. B. E. Warren, "X-Ray Diffraction," (Addison-Wesley, Reading, Mass., 

1969).



41

5. C. L. Gocke, Proc. Int. Conf. Beam-Foil Spactroscopy, I. A. Sellin 

and D. J. Pegg, Eds. (1976).

6. See article V-A of this report.

7. M. Hass, J. M. Brennan, H. T. King, T. K. Saylor, and R. Kalish, 

Phys. Rev. Lett. 38, 218 (1977).

8. G. Goldring, Y. Nix, Y. Wolf son, and A, Zemill, Phys. Rev. Lett. 

38, 221 (1977).



42

F. Chemical Effects on Kg X-Ray Satellites of Fluorine Compounds 

(S. Merritt, J. R. White, A. Langenberg, C. C. Bahr, and 

R. L. Watson)

Recent v»rk of Uda et al.^ has pointed out the possibility of 

determining vacancy transfer probabilities and L-shell widths for fluorine 

atoms as a function of chemical environment. To accomplish these 

objectives, it is necessary to restrict the excitation of the fluorine

3
atom to low states of ionization (i.e., the KL and higher satellite 

intensities must be negligible). We are presently extending the studies 

of Uda et al. on solid ccrrpounds for the purpose of examining the 

dependence of the L-vacancy transfer probability on physical state., 

molecular size, covalency, and bond order.

Work on this project during the year has involved the following:

(a) design and construction of a gas target cell, (b) design and con

struction of a vacuum chamber to house the gas target cell and a 5-inch 

curved crystal spectrometer, and (c) development of techniques for fabri

cating thin proportional counter windows. A schematic diagram of the 

gas cell is shown in Fig. 1. It is constructed of copper to resist 

corrosion, and is lined with carbon to prevent the possibility of 

secondary excitation of fluorine atoms by Cu x-rays. Inlet and outlet

ports enable a constant flow of target gas to be maintained. The

2
beam (5 MeV alpha particles) enters through a 3.73 mg/cm kapton window

and fluorine x-rays are viewed through a side port of 3 rrm diameter,

2
which is covered with a 80 gg/an stretched polyproplene window, Both 

windows will support a pressure differential of 1 atm.
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GAS C ELL

Fig. 1 A schematic diagram of the gas target cell.

The curved crystal spectrometer is mounted with its focal circle 

plane normal to the beam direction so that x-rays are viewed at an 

observation angle of 90°. A spectrum obtained in a test run with 5.5 MeV 

alpha particles incident on a thick NaF pellet is shewn in Fig. 2.

This spectrum has been analyzed with the computer program FACELIFT described 

in the following article (G). The data points are indicated by the solid 

circles, while the solid curve shews the results of the computer analysis. 

The individually fitted peaks are represented by the dashed curves.

An instrumental resolution of 3.7 eV FWHM was attained in this spectrum, 

and the peak fitting analysis gave a value for the average L-vacancy 

fraction (p̂ ) of 0.086.
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Fig. 2 A spectrum of the Ka x-rays excited in a solid NaF target 

by 5.5 MeV alpha particles.
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G. A Non-Linear Least-Squares Peak-Fitting Program Employing 

Voigt Functions (A. Langenberg and R. L. Watson)

She non-linear least-squares peak-fitting program FACELIFT, 

described in last year's progress report1 has been improved in three 

ways.

First, the formula used in the calculation of the Voigt function

has been replaced by one which uses the rational approximation of the

2
ocrtplex probability function. The relative error in the function

g
value is almost always better than 1 in 10 , for all possible lineshapes 

ranging from pure (Russian to pure Lorentzian.

The second major change has been adapting the program to the new
3

carputer system of the Cyclotron Institute. At the same time the 

program has been changed to an interactive one, which uses a MIME 

carputer terminal, in graphics mode, to display spectra and fits, and to 

vary the starting values for the fitting routines.

Hie most important change, however, with respect to the present 

experimental program of high-resolution x-ray measurements, has been the 

new option which enables nultiplets arising frcm a ccrtmon initial state 

electron configuration to be fit as a single group, whenever additional 

information is available about the ratios of the intensities, and/or 

the lirawidths (either fully known or the same amount of charge for 

all ocrrponents when variable), and/or the distances between the individual 

lines (the multiplet splitting). With all of this additional information, 

fitting a multiplet group becomes as easy and as accurate as fitting a 

single peak. Up to 99 components are now allowed, but they must be
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combined in such a way that no more than 48 parameters are independently 

variable. A simple example is provided by the Ka^ 2 doublet# which has 

an intensity ratio of 2 to 1, and a well-known splitting. A more complicated 

example is the spectrum of Ka x-ray satellites typically observed in icn- 

atcm collisions. In LS coupling, the total number of Ka transitions 

is 90, and because of the significant natural linewidth (compared with the 

sejparation of the lines), these transitions can never all be fully resolved, 

even with negligible instrumental broadening. If reliable transition 

energies for the satellites are known, this program may be used to 

fit these conplicated spectra and obtain accurate relative intensities.

Another advantage is a possible improvement of accuracy in the 

case of overlapping peaks. This can be illustrated using the test 

/spectrum shewn in Fig. 1 which contains 3 doublets and 1 singlet 

(components indicated by P^ -> P.?). The doublets are separated by 2x, 

lx and 0.5x the EVJHM, respectively, and have Gaussian lineshapes? the 

intensity ratios are all 1:2, the total number of counts for the two 

components being 50,000 and 100,000, respectively. The uncertainty 

(in %) in the total number of counts for the seven components (P^ -> P_,) 

as determined by the fitting program is given in Table 1 for four 

different cases, (i) all peak parameters variable, (ii) distance between 

the two components (of the doublets) fixed, (iii) to this is added the 

constraint that both components have the same (but unknown) widths,

(iv) to this is added the constraint that the intensity ratio of the 

two components is 1:2. Note that the spectrum has a background of 

100 cts/ch, which was a variable parameter in all cases. The same 

starting values were provided in all cases and with these guesses the
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iPig. 1 A test spectrum consisting of 3 doublets (P^-P^) and a 

' singlet (P^).
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Table 1 Uncertainty (in %) of the total number of counts for peak3 

P1 * P7 Flg*

P1 P2 P3 P4 P6 P5 P7
2
Xr

distance 2 x FWHM 1 x FVJHM 0.5 x FWHM -

case

i 0.47 0.33 2.13 1.09 49.0 24.5 0.46 5.59

ii 0.47 0.33 1.20 0.64 9.8 4.9 0.46 0.98

iii 0.46 0.32 0.71 0.43 4.3 2.2 0.46 1.01

iv 0.26 0.26 0.26 0.26 0.26 0.26 0.46 0.93

reduced weighted variance is 517. Convergence was obtained in 4 iterations, 

with a final reduced weighted variance as indicated in the last column 

of Table 1. In case (i) this value would have been lower if the third 

doublet (Pjj and Pg) had been considered to be a singlet; in other 

words, it could not be resolved.

Hie drastic improvement of the accuracy for case (iii) compared with 

case (i), for overlapping peaks (P̂  -*■ Pg) can be an advantage in experiments 

in which the intensities are the most important quantities (rather than 

the positions and widths). One high-resolution spectrum could provide 

the information about positions (and linewidths) and this information 

oould tlzen be used in the fitting of lcwer-resolution spectra.
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VI. APPENDIX

1. Reprint: "Systemtics of the Average L-Shell Ionization Probability
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X-Ray Satellites."
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