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ABSTRACT-

Atomic reaction‘mecbanisms hane been investigated by measuring
x-ray and Auger production cross sections from high energy‘ion—atom colli-
sions. Gas target results have been obtained for H, He, C, N, O and F
beams on Ne; F, Cl and S beams on Ar and F on Kr as a function of the
projectile charge stafe. K—sheli x-ray production cross sections for H,
C, N and 0 on thin solid targets of Ni, Rb, Ag and Sb have been measured.
In addition L-shell and M-shell partial cross sections have been measured
for H impact on several heavy elements. The impact parameter dependence
of éhe‘probability for K x-ray production has been measured for_Opon Cu
and for C and F on Ar as a function.of projectile charge state. - Electron
capture to excited states of F projectiles in various gases has been investi-
gated by measuring the K x-ray emission cross sections. The population of

substates by electron capture processes has been studled by observations of

the anlsotropic angular distribution of thlS radlation. The relative multiple

" ionization fractions from ion-atom collisions and the resultant partial
fluorescence yields have been deduced from high resolution emission spectra
of Ne. The systematics of K x-ray satellite structure have been extended

to Br beams on targets of Al, Sc and Ti. Lifetime measurements have been
3

performed'for the 2 381 state of heliumlike S and Cl, the Pl'state of helium-

9 +25

like S and the 3d 4s—3d10 electric quadrupole transitions of I . The radia-

tive Auger effect and radiative electron rearrangement have been observed
and identified in ion-atom collisions. Poiarization of projectile X rays
produced in thin C foils“has been observed by measuring the in- and out-of-
plane scattering from a Bragé?crystal. Atomic theory calculations have

been performed for the ionization cross sections of atons by ions and elec~
trons using the Glauber approximation. Theoretical x-ray spectra for ion-
atom collisions have been predicted by combining structure calculations,
fluorescence yields and4configuration cross sections. Nuclear reaction
mechanisms have been investigated through the study of (1) inelastic and
elastic scattering of nuclei of He, C and N from various targets (2) reso-
nances in the compound systems of 12C plus 13C and C plus 1SN (3) one-
‘and two-neutron transfer reactions near the Coulomb barrier and (4) measure-
‘ment of the lifetimes of low-lying levels of lNe. Materials study by x-ray

fluorescence has been used to detergine Br and Zn levels in untreated flour.
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1. INTRODUCTION

This progress report includes a summary of the research performed
by the Kansas State University atomic and nuclear physics group (listed in
"section 15 of this report) for the period October 1, 1974 to September 30, .
1975. The major effort for this period has once again been in the area of»
basic atomic physics‘involvingrhigh~energy,féw—électfoﬁ ions. The two main

categories of our atomic research are reaction mechanism studies and

spectroscopy of ion-atom collisions. Measurements of various reaction

cross sections for ions iq tenuous gases and fhin Solids;_atomic lifetimes
of metastable ions,WXfray and Auger spectroscopy in ion—étom collisiéns,‘
and polarization of atomic radiation from ion-atom collisions have been
.performed and the results presented herein. The theoretical work; which
consists of atomic cross section caiculations for e-atom and ion-atom
collisions, and calculation of theoretical spectra of ion-induced reactions,
is‘inciuded in our progress report for the first time. A strong coupling
between the theoretical and experimentél progfams has been_realized.this
year through the inclusidn of the theory in the accelerator program. We
anticipate that these collaborative efforts will significantly strengthen
the overall effectiveness of our near and long range contributioﬁs to

4 A - "
atomic physics.
The atomic physics group has become more aware in the past year

of the need, by other areas of physics, such as high temperature plasmas

(HTP), for high energy high Z reaction data and calculations we are
capable of providing. Examples of work related to other areas are (a) the

calculation of lifetimes and fluorescence yields of three-electron ions




required in the analysis of electron number density and temperatures of

plasmas, (b) the measurement of the spectra and lifetimes of highly ionized

{odine which extends the results of laser-induced plasma studies, (c) the

10

calculation of transition energies for 3d94s + 34~ electric quadrupole. -

and the 3d94p > 3d10 electric dipole decaYS iﬁ-EHéwNif‘aﬁ&'CuI'isoelectronic.

sequenééé; and (d)’tﬁé'ﬁéasurement of large x-ray cross sections in hydpogenA
aﬁd heliﬁm‘following electron1captur¢ té'exc%ﬁea“sfafeé; .fﬁéée.effgf£é
have become an integral pért of tﬁe laboratéry program since the funding
of a new ERDA contract entitled "Fusion Related Atomic Physics'" in June 1, -
1975. An exﬁéndea program in this”area'iS“anticipaﬁed for ﬁext.year. ;n
particular, a series of experiments on crossed'ion—elegtrOh beams will be
designed, constructed and perfprmed.

The atomic physics program has been greatly enhanced through
our visiting faculty program which is supported by Kansas State University.
During the last year we have had four visitors in the persons of Prof.
T. J. Gpay from North Texas State Uﬁiversity ih Denton; Dr. E. N. Pedersen

from the University of Aarhus in Aarhus, Denmark; Prof. E. Salzborn from

¥
‘7‘

the University of CGiessen in Giessen, W. Germany; and Dr. N. Stolterfoht

of the Hahn-Meitner Institute in Berlin, W. Germany. Professor Gray will
be at Kansas State through the summer of 1976. We will have in addition

. ~
the good fortune of having Professor Teijo Aberg from the Technical

Institute of Finland in Helsinki join our staff as a visitor in January 1976.

As in past years, a program of heavy-ion nuclear physics

research has been continued and several interesting results have been

obtained. Some results on the measurement and analysis of heavy-ion



-

elastic scattering (e.g. C + C and N + C) and heavy-ion compound nucleus

resonancés (é.g. 12C + 13C and 12C + 15N) are'presehted. Nuclear lifétime

measurements in lNe have been measured by Doppler ~shift attenuation in

‘the 12c 13c

(

~ tion for thé'low—lying'leyels.

Another area of laboratory 1nLerest is in applied phy51cs.

In addition to Lho atomic collision stuoies applled to HTP bas mentioned
above, material studies are being performed by the x-ray fluorescence
technique., Also, a feasibility study is being made to assess the
possibility of using the M8ssbauer effect to obtain real time informa-
tion on radiation damage in solid materials.

The laboratory program is centered abou; the 6 MV tandem
accelerator and auxiliary equipment as depicted in the first figure.

A PDP—lS.computer with a background/foreground monitor system is used
in. on-line data accumulation and off-line data analysis. A new heavy-
ion sputter source has been added to the tandem during. the last yoar.

In addition a 3 MV éingle—ended Van de Graaff has been installed and
used in several experiménts. VTEe opération and deQelopmeots lﬁ the-
laboratorp facilities are discussed ‘in section 2.

The research output of the laboratory in the last year can best
be summarized by noting the following: (a) 27 papers were published under
Contract E(11-1)-2130 and an additional 10 papers are at the preprint
stage; (b) 11 additional papers are in the preprint stage for the new
contract E(11-1)-2753; (c) 19 contributeo papers and 9 invited talks were

presented at Amerxican Physical Society and international conferences; -

21Ne reaction and lend support to a Nllsson model descrlp—




(d) 4 review pépers written for textbook publication, and (e) S Ph.D.
degreéé wé?e.gr;ﬁféd ffom‘iaboratory research efforts. Our Ph.D. students
have'been sought:bylmény iéboratbries in the U. S. and abroad. The latest
.fiQe PﬁlD; graduates have accepted iébs at Béll‘Laboratories, Los Alamos
'Sgigpfific LéBorét§fy; fusion Energy Corporation; DreééervIndustrieé, -

and East CarolinéwUniﬁeréity.
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2. LABORATORY OPERATION AND DEVELOPMENT

2.1 Tandem Van de Graaff Accelerator Operation and Improvements

..Dgp}ng the period from October 1, 1974 to September 30, 1975,
there wefg two major instgllétions‘to the 6 MV tandem Van de Graaff
accelerator at Kanéas State University....

'l'Firsthas the removal of the old charging belt and the installa-
tion of a new charging belt which was purchased from High Voltage | |
Engingering Corporatibn, Burlington, Massachusetts. The old belt was
put in service june 22, 1972, aﬁd when rémoved had a total of 12,99Q
houﬁs of serviceT Thg réason-for therchange was that.the éotalbéervice
hours exceeded the recommended lifetime which is l0,0QQ_houfs. Affef
inspection of the old belt it was decided that it could be kept és a
spare and at present serves as the only spare.

The second'major installation was the removal of the old high
enefgy straight tubes and the installation of the new inclined field
tubes ﬁufchaéed‘ffom High Voitage Engineering‘Corporation. The removed
straight tubes were the originalAtubes thaﬁ came with the tandem and had_&
\23,376 hours of service. These tubes were removed because they did not
allow the tandem to hold voltage reliabiy above 5 MV on the terminal due
to radiation damagé and surface contaﬁinétion. The new inclined fiuld
tubes were brought into optical aiignment with the externél beam transport
according to specifications recommeﬁded by High Voltage Engineering -
Corporation. This was engineered by R. Krause, E. J. Feldl, and M. D. Wells.

To this date the tandem has been operating at its recommended

~ voltage of 6 MV with 2,502 hours on the new belt and 2,371 hours on the




new tubes. The only problem encountered since the magorvlnstallations

ﬁas been accuddla%lon of belt dust caused by condltlonlng of the new belt.
This has.caused dust Bridges'tp develop across the belt spacers causing a
:Qéftiddilddgtébiliﬁy.in low-energy Béams:_ Thié éroblem can be corrected
v by‘pefiodic méintehaddé on the high energy column of'the‘tdndem.v Once
~ the Eharéipg belt is'éufficiehtly cbnditidneﬂ, we should no lohger hévehn
the dust—bridéing problem; - -'

» The.total down time during the reporting period was 1290 hours.

0f this time, over half (744 hours) was for the major installations

- discussed above: The remaining 546 hours was for periodic maintenance

of such items as collector screens, stripper foils, broken resistors, etc.

(R. Krause)

2.2 3 MV Van de Graaff Installation_and'Operatioﬁ

A modified AK-N ngh Voltage Englneerlng Corporatlon Van de

,'1“
&)

Graaff accelerator has been added to the research fac111t1es at Kansas

State University. The accelerator was purchased from Texas Nuclear Corpora-

tion, Austin, Texas and disassembled and ;ransported by Professgr Richard
and four of his g;aduate_students. The funds for the purchase and trans-—
portation were made available by the university. After reassembly and.
initial testing, several improvements were made.

1) A source thermo-mechanical leak was installed to give

the machine heavy-ion dapability in addition to its proton

and deuteron beam capabilities.




2) A new set of colﬁmn resistors was iﬁstalled to make

the machine operation more stable.

3) Three beam linés have been set up with diffusion

pump vacuum systems.

4) Eléétfostééié ddé&fﬁfoieé‘were‘added for more effi-

cient beamvfocqssing, and- - | . | |

5) The analyzing magnet has been calibrated with a solid-

state Hall probe.

The machine has been in operation 400 hours in testing and experi-
mental work. Atdtﬁé;préSéﬁf'time itvié>capable of acceleratingnH+fand He+
in an energy range frdﬁ 0.4 to 2.2 MeV. This extends the existing range’
of beams and energies available from the tandem Van de Graaff and should

be of great use to the accelerator research program.

(K. A. Jamison)
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2.3 Sputter Ion Source Installation and Operation

The uniyersalvnggative‘ion source (UNIS source) purchased'frﬁm.:
Extrion Corporation in'Auggst of last year is being used with limited
success. This UNIS source is;a-Mark VI.version of the sputtering>tyPe
negative ionvsoﬁrcé that produces a negative ion beam by the sputperipg
of material from a:ﬁargét'céﬁét;;mbétdéd'by a'hiéh'currént‘ptiﬁary beam -
of cesium ﬁositi&e.idﬁs;'\Thiénprééeésvproduces several pamp quantities
of negative ion begms over gwlatge“yangean atomic Z; A partial list of

beams that can be obtained is H, D, Li, B, s, ¢, 0, Ti, Cu, Ni, Be, Al,

Cl, Br, Pb, Mg and U. Our source is presently installed with solid cones

of Li, Be, C, Al, Ti, Fe,‘Cu and Pb. Beams of a few microamps have been
obtained at the source for several elements; however, initially the trans-
mitted beam through the tandem has been only a few percent at best. Recént‘
attémpts have increased the transﬁission‘to ﬁlOZ; Additional problems
such as vacuum failure of the cesium boiler, line_voltage drop in power
to the source aﬁd pdwér supplfvfailure due to sparking have hampered
considerably the effective use of the source.

The source hasbbeenvcarefully realigned with -the tandem in order
to obtain the significant improvement in beam transmission. Further improve-
ments in transmission are expected to be dependent on improve&'oﬁtics of
the cesium ibn transport. A-raéiation hazard initially present at the
yicinity of the source has been reduced substantially by deflecting elec-
trons in the source prior to acceleration.

Improved operation of the source is being sought continually.

(J. R. Macdonald)




2.4 Auxiliary Equipment Improvements

Several improvements have been made and are in the process of

being made with the auxiliary equipment in the laboratory. During the

- month of May, we réﬁiécéduéﬁuE—MAG—32 High Vbitégé Engineering Corpora~ " """ """

. tion quadrupole onvL—l_beamline5 due to bad coils, with a new High Voltage
EnginééfiﬁéhCérpdfatioh quadrupole C-MAG-516 at a cost of $2,300. Thé' "
quadrupoles on L-1 and L-2 beamlines are éimilar.aﬁd thﬁé Qéévtﬁé samé
power supply; whereas, the L-3 quadrupole is still being used with the
old modelI4OOV—2A HVEC power supply. . Beam lines ére labeled in thefﬁ .
. figure in section 1. . | o
October installations include three new power supplies. One
HVEC, Model 2400-301, 12 kW, 300 amp supply at a cost of $10,100 and two
electronic measurements SCR 300V-1.5A supplies at a cost of $475 each.
The model 2400-301 solid state supply will replace an old
solid state plus‘tube type HVEC D-PS-34 powgf supply currently being
used on the switching‘magﬁef; ‘This supply is old and very unstable..
The two solid state electronié measureﬁep; supplies Models
SCR 300V-1.5A will be used in place of the very old power supply
Model 400V-2A built by HVEC., The supplies are being used to power

quadrupoles on beamlines R-1 and R-2,

(R. Krause and M. Wells)

10
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2.5 On-Line Computer System

A Canberra model 8100 analog-to-digital converter system was

.interfaced to the PDP-15 computer to allow an additional data acquisition

mode. This has been especially useful for multiple detector_expgriments,wh; -

Further, the display terminal in the background portion of the computer

-has been optimized for faster plotting.

Software development includes changes in data acquisition T

programs to handle the Canberra system, the capability of making a line

printer plot of data from both foreground and'Background terminals, and. -

adaptation of the latest monitor system from DEC for local use.

(G. G. Seaﬁan)

2.6 A Summary of Research Instruments Designed and Constructed in the Year
Ending September 30, 1975. Minor Projects and Modifications to Existing -

Apparatus are not Included, "

o
1) Performance description and charactéristics of an electron
spectrometer. that was designed and constructed are mentioned elsewhere in
thisAreport.. The physical ovérall dimensions of this instrument are 10 inches
diameter by 24»iﬁches long. Electron deflection envelope diameter is 6.743
inches with a slit to slit distance of 6.324 inches, on a 3.220<«inch diameter
inner cylinder. Provisions were made for solid and gaseous targets, fine

tuning of electron multiplier position, measurements of forward as well as

back angle of beam products, cylindrical double magnetic shielding, convenient
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alignment to béam, adjusting slit openings and an operating pressure in
the 10_6 Torrvrange. o

Two supbort.stands with the ﬁecessary alignment adjustments
facilitate ﬁéiné“thié“éiéctron spectrometer in our 69;inch as‘ﬁell as our
| 42;5—inch (beam height).lébérétdrf‘éohfigufations.
,,,2>'A31A5L 4-inch curved éi&éfgl Bragg spéctrdmgter with flow-
 nmode proportional counter was iﬁcorpbrétéd-infé.; sys;eﬁ whiéh includesi
a target chamber, beam coliimation, remote spectrometer drive and a support
system which allows angular adjustment of the spectrometer to beam relation-
ship for out-of-plane measureﬁents.

The spectrometer was modified in séﬁerélbways to obtain vacuum
integrity, increase pump-out speed, allow for target chamber.connection
and rotation and to relocate the entrance slit.

The target diameter was designed to incorporaté the rotatable
vacuum seal, a Faraday cup with electron suppression, beam collimation,
?;fixed-monitoringvdetector locations, a multiple foil target wheei_and_a:

gas cell which allows the use of a gaseous target without having to remove

L

the target wheel,

A support system, designed to operate at both the 69-inch and

42.5-inch beam locations, incorporates "T" slot type circulaf mounting
tracks and angular position readout. It also locates and suppbrts vacuum
pumps.

3) To trap residual gas, upstfeam of an ongoing experiment, an
in-line cold trap was designed and mounted to a beam line. The tubular

trap is 12 inches long and 1.5 inches in diameter, is mounted to a 4-inch

12




beam line "Th and atfached to an 8 hour LN2 reservoir.”

4y A veloci£y“a;£;é”;;é£em fbr M&ssbauer effect studies, with a
vibfation frée mounﬁing base ahd.optical bench type component adjustment
Wasndésignéa”ana ééﬁét£ucted. | |

55 A térget cﬁémbe£ fd£ §ﬁarged particle induced x—ray fluorescence

“studies. The‘cﬁambéf‘dimeqsipns“éréf4x4§4 inches, with six ports for beam

i éntfy;vbeam exit, ladder type target mount, viewing window, pumping porﬁ’_
and detector port incqrpérating an optional and thin mylar window.
" 6) A new 1lid assembly for a previously designed Bragg detector

-térget chamber includes a véry precise linear track. External miCrométef
adiﬁstable'motions are transferred thfough*vécuﬁm'seals to the inside of =~
thé target chamber where position and adjustments must be known to within
* 0.002 inches.

7) A foil stripper, used between the analyzing magnet and switching
magnet of our 12 MeV tandem Van de Graaff accelerator, was designed. It
has a ladder type foil mount with external foil selection, a vie&ing section
to iﬁspect foils and an air—lock to allow changing of foils without letting
the beam line up to atmospheric preésufe. | | |

A slim line.l;S inch gate valve was designed for this air lock.
It is a split body, wedge type.valve_made of aluminum with a Delrin A.F. G
gate. Bolted connections on the gate valve are also compatible with the
standard 2-inch debendeX'fittings we use in the accelerator laboratory to
allow the use of this particular valve design in other applications.

8) An addition to one of our accelerator experiment stations was

an ion implantation assembly. A crystalline target can be adjusted

13
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externally in respect to the ion beam in two directlons in addition to

4anguiaf adjustments of the mounting platform. Adjustable beam collimétioﬁ

and a Faraday cup with electron supression are incorporated.

" (Etic Feldl) =

-

2.7 Direct Extraction of a C~ Beam from the Diode Ion Source.

The standard technique for production of C beams with the direct—

ext%acfibh diodewi;nméoﬁréémiﬁvblveé introducing a mixture of methane and
nigrogen gas into an intnse hydrogeﬁ arc. The CN ion can‘then Be ektrécte&
and produces a high intensity beam (1-3pA) for injection into a tandem

Van de Graaff acceleratqr. »For aghieving high energy C beams the CN~ beam
suffers from the fact that the stripping at the terminal of the Van de
Graaff yields only low'intensity beams of the ﬁigh charge states of C. This
afisés because of the loQ velocity of the CN_ ion at.the stripping‘foil. To
overcpme this difficulty it is desirable to extract direcfly a C beam from
the ién source.

Production of C  ions from hydrocarbons has been unsuccessful

with the diode source. In particular, we have only been able to obtain’

10-30 nA of C beam from the diode ion source using a mixture of methane
and nitrogen.

Introduction of carbon-monoxide gas into the intense hydrogen
arc, however, has consistently yielded beams of C~ ions of reasonable

intensity (450-600 nA) from the diode source. Although this is a factor

14
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of 2-5 less than that which can be obtained from the source with CN~ beams
the”yield‘of the accelerated C(4+) beam is approximately the same-as with

CN~ and the yield of C(5+) is about a factor of 2-3 higher with ¢~ ions

than with CN . .

Tﬁe.Cn beam pf&dﬁ;éa.Bgﬂghi;.gééhod>has been uéeful'for1obtéiniﬁg
high energy '“C(5#) beams for utilization innuclesr physics experiments
at KSU. It should.be pdinféd'6ﬁt_thétQ£héﬁléé§ inﬁénée C  beam introduced"
into the‘Van de Graaff accelerator produces less electron and radiation

loading of the generator and therefore more stable running conditionms.

(37 S. Eck and D. 0. Elliott)
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3. ATOMIC COLLISION CROSS SECTIONS IN GASES

3.1 K. X-Ray Production in Single Collisions of Chlorine and Sulfur Ions

X-ray-production cross sections of both target and projectile

,werebmeasured in collisions of 3.0 - 52,2-MeV Cl ions with a variety of . ..

thin, gas targets from He to Xe., The dependence of. these cross sections
on incident projectile charge state was measured for both Cl and S pro-
jectiles at one velacity (109 cm/sec). The dependence of thé'projeétile’

K x-ray-production cross sections on target atomic number 22 is nonmonoto-

nic,anomalously large cross sections being observed in the region of

~nearly symmetric collisions (szl7). For Cl-on-Ar collisions, the Cl K

x-ray cross sections exhibit a weaker dependence on projectile energy

than for asymmetric collisions such as C1 on Kr; hence, the dependence

of the Cl K ‘cross sections on Z, approaches (and eventually reaches).
monotonicity with increasing projectile energy.v These observations
indicate that the dominant K-vacancy-production processes at these pro=-
jéctile velocities (0.1-1.5 MeV/amu) are different for quasisymmetric
collisions than for asymmetric collisions.. Processes associated with the
formation of a tfansient molecule may be largely responsible f;r K-vacancy
production for the forﬁer.

The incident—chafgeQState depende&%e of i—ray—production cross
sections also points to differences between symmetric and asymmetric
collisions. This dependence is significantly greater for the former
than for the latter in nearly all cases.v (An exception is the Ne K cross
section which increases very rapidly with charge state, as a result of

the increasing Ne K fluorescence yield). The enhanced charge-state




dependence of x-ray cross sections for the nearly symmetric collisions

suggésts thé.incfeésing impdrtance of 2pm-2po transitions in K-vacancy
production as the number of initial prjectile 2p vacancies increases.
vFor §1 projec;ilgs with no initial 2p vgcahéies, however,'tﬁe.ehé;gy 
dependence of total K;Qacancy;prbductioﬁ.éfoss_secfions in Ci%oﬁ;Arnééllij“
sioﬁ;“is mﬁch‘éé;onger than theoretical results forftheJqufZPU“crOSSL
section. for such éases, a'différeﬁﬁnK;;écahéy;égbdgé£ioﬁ héchanism may
be dominant; Meyefhofl has suggestea that this mechanism is the excitation
of 2po electrons, to high n, or continuﬁﬁ‘éfatéé.np

”Fof'the collision ﬁéffgéi of hiéﬁef‘égsmié ﬁumber in the nearly
syﬁmetfic collisions, the transitions in the preceaing discussioﬁ cannot
directly contribute to K—vécancy—production. However, the cross sections
for the higher-Z partﬁer are obsérved to be very similar to the lower-Z
partner in magnitude énd cﬁarée—state depenaence. Meyerhof2 has proposed

that a K-vacancy transfer mechanism may explain such similarities. This

process is generally referred to as K-vacancy sharing. Comparison of the

data with calculation of the probability for transfer of a K vacancy from

the lower- to the higher-Z collision partner indicate that this mechanism

may indeed be operative in the collisions studied.

e
N

Dy, E. Meyerhof, Phys. Rev. A 10, 1005 (1974).

2)w. E. Meyerhof, Phys. Rev. Lett. 31, 1341 (1973).

(Loren Winters, Matt D. Brown, Louis D. Ellsworth, Tang Chiao, E. W. Pettus,

and James R. Macdonald)
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3.2 K X-Ray Emission from 20- to 36-MeV Fluorine Projectiles Following

Electron Capture to Excited States

The projectile K x-ray emission cross sections for fluorine ions .
were measured under single collision conditions for charge states ranging '~
from +4-to +9 in a thin argon target. The dependence of these cross o
sections upon the enetrgy and the initial charge state of the projectile .
was determined for fluorine ions with energies between 20 and 36 MeV.

Over the entire energy range, the K x-ray-production cross section for
+9 . 7 .
F'~ ions was about 707 of the total electron-capture cross section
determined in a separate experiment. The K x-ray production cross section
for these fully stripped ions is attributed to electron éapture to excited
states of the projectile.

+9 . . . .

For the bare (F °) projectile, the K x rays observed are radia-
tive decays which only occur following electron capture to excited states
of the projectile; while in the more complicated case for the one-electron

+8 . o R . ; ,
(F °) beam, this electron capture dominates excitation processes in the
. . +8 +9 s
production of K x rays. The experimental F and F ° . x~ray-production ..
cross sections are compared to predictions for electron capture calculated
, . ' 1 . . .
in a Brinkman-Kramers™ approximation. For this comparison the calculations
were normalized to the total experimental electron-capture cross sections.
+9 +8
Excellent agreement was found between both the F and F = x~ray-production
cross sections and the predicted cross section for capture to excited
states. From the experiment with the bare nucleus, the K x~ray production

is about 70% of the total capture cross section while for the calculated




(M. D. Brown, L. D. Ellsworth, J. A. Guffey, T, Chlao, E. W. Pettus,

results excited-state capture is about 90% of the total.

1)H. C.'Btinkman and H. A. Kramers, Proc. Acad. Sci. Amsterdam 33, 973

(1930).

2)S. M. Fefgﬁson, J. R. Macdonald, T. Chiao; L. D. Ellsworth, and S. A.

Savoy, Phys. Rev. A 8 2417 (1973) and T. Chlao, Ph.D. thesis (Kansas

State Unlversity, 1973) (unpubllshed)

L. M. Winters, and Ji R, Macdonald)

P
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3.3 Argon and Kryptoﬁ X-Ray Production by Fluorine Projectiles of Different

Charge'States

In this work we measure Kr K and Kr L x—r;y yields_produéedvby:
" incident 36- and 48-MeV F ions with charge-states;from-+6 to +9. Addi-..
tional data have also been acquired for Ar K xFray yields obtainéd Wipy‘
36— and 48-MeV F ions. As the Zl/ZZ ratio is décrééééd frdm %{Fq+‘éh“Arj o
to%(Fq+ on Kr), we observe-a‘significant décfééée inﬁéﬁémdépehdéhce of
the target x-ray yield on the projectile charge_state.ﬁ In addition, al-
thqggh the direct qulomb—iéﬁization the__oryl’2 does not correctly predicf
the absolute magnitudes of the cross sections for ﬁhe fully étrippea‘b |
ions, we note that ghe observed projectile energy dependence éf these
cross sections is in general agreement with the theoretical.prediCtions;
When corrections for increased binding and Coulqmb.deflectién are applied
to the data as Aescribed by Basbas gE_gl.,S the Ar data shows a larger
disagreement with_theory than without the correcﬁidns. qu ;he Kr case,
the ﬁeééured cross seéfion is larger than fheory Qith'the lattef two
corrections and smaller tﬁan theory by the same amount without the correc—
tions. It has been indicated3 that discrepancies of this type may be due
to polarization of the K-shell orbit. Since the details of this effect
have not yeé}been published, no polarization corrections are included.

1)E. Merzbacher and H. W. Lewis, in Handbuch der Physik, edited by S.

Flﬁgge (Springer-Verlag, Berlin, 1958), Vol. 34, p. 166ff.

Z)J. D. Garcia, Phys. Rev. A 1, 280 (1970); 4, 955 (1971); J. D. Garcia,

R. J. Fortner, and T. M. Kavanagh, Rev. Mod. Phys. 45, 111 (1973).

(Stephen J. Czuchlewski, James R. Macdonald, and Louis D. Ellsworth)
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3.4 Ne K-Shell Auger Electron Cross Sections in .5 to 10.0 MeV H+—Ne

Collisions

~The cross sections for. Ne K-shell Auger electrons have been
_measured~for=Hf‘pfojectiles.from .S_fo.lO MéV@Z These méasurémeﬁts wereJ.
perférmed.with a cylindricalipirrdf éhélyZérfdésigned.and built at
Kansasﬂéfatéfﬁniﬁéféit§lfmfig: i'éﬁé&s.éﬁeﬁéimé;éiéns'and'the’gédﬁéfrywwwww
of the analyzer. The line labeled as B denotes the beam axis for the
"backwardﬁ_modgik"With_this geometry electrons from 90° to 174° with
n_respeét to the beam axis are analyzed by electrostatic focussing of a
'42°_accep£éﬁce con;.ofsﬁhé éjécted'electrons.into a continuous channel- -
electron multiplier. Typical resolution obtained from this system was
1.5% and peak—to—baékground ratios were typically 40 to 1 for H+ induced
speétra.

Fig. 2 shows the Ne K-shell Auger cross section as a function
of energy;"Since.;he flubresgepqe.yield is small for the states populated
by ﬁ+ boﬁbardment and charge exchahée and molecular effects are expected
to be small; we can compare the Auger production cross sections directly
to the Coulomb.ionization predicﬁions based on various approximations.
The predictions of the binary encounter approximation (BEA),l plane wave
.Born approximation (PWBA);2 and a recent Glauber approximation3 are
plotted for comparison. Although all three theories show reasonable
agreement, the quantum mechanical theories seem to better predict the

shape of the.energy dependence from 2.0 to 10 MeV.

lJ. H. McGuire and P. Richard, Phys. Rev. A 8, 1374 (1973).

~.
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2G. S. Khandelwal, B.-H. Choi, and E. Merzbacher, Atomic Data 1, 103

3J. E. Golden, Ph.D. ﬁhesis (Kansas State University, 1975).
(c. W; Woods, R. L. Kauffman, K. A. Jamison, and P. Richard)
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3.5 Ne K-Shell Auger Cross Sections in 3~ to 35-MeV F+q + Ne Collisions

The energy.depenaence of Ne K-shell Auger electron cross section
‘has been measured for various charge states of F ions from 3- to 35-MeV.
VThesé measurements span;the.intermgdigte“energy region for‘K;shell'.
Vacagcy-Prpduction from low energy cqllisions'wﬁere‘the ﬁéiecu1af pro= ... ..
"motion model is an effective theorf to the high energy region where
Coulomb ionization dominates. The expérimént consisted of various energy
Eridns having charge states of +3 to +9 bombarding Ne gas in the cylindri—
cal mirror electron analyzer described above. .

At'éﬁ;fgies_highgf than 15 MeV the shape of the Augervcrqss
sections follows closely the shape predicted by Coulomb ionization and
the magnitude agrees Qith the F+8 data. Between 3 and 15 MeV the F3+
induced cross sectioﬁs differ ftrom the.Coulomb ionization prediction
by as much as a factor of 5. Ne+ on Ne data from 50 keV to 2.2 MeV can
be'qualitatively understood by the molecular prombtioﬁ (MO) process
which suggests that the region between 3 and 15 MeVnmust‘ihciude both
Coulomb and MO processes. e

The only othér study of K=shell vécancy productions at inter- -
mediate energies is for symmetric Al-Al and Ni-Ni collisionsl using thin
solid targets. Because of the charge étate diétfibution in theésblid
target, these data do not contain the expligit charge state dependence
presented 1n this stud&.
l‘)R. Laubert; H. Haselton; J. R.. Mowat, R. S. Peterson, and I. A. Sellin,

Phys. Rev. A (to be published).

(C. W. Woods, R. L. Kauffman, K. A. Jémison, N. Stolterfoht, and P. Richard)
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3.6 F-Ne K-Vacancy Shafing

To test the assertion that moiecular orbital (MO) processes
are affecting the Ne K-shell Auger electron cross sections for F bombard-
ment below 15 MeV, the F K-shell projeétile Auger,eleqtropﬂp;nggtibn_cross

sections werelmeaéurgd,fdrhbombarding energies of 3 to 15 MeV. For kine-

- matical reasons these measurements were performed with the cylindrical-w - - -

electron analyzer in the forward mode so that only electrons emitted at =~
42° from the beam axis were analyzed.

Fig. 1 shows the ratio ofuiﬁe_Ng_Fo_FvApggr.g;eéproqkPrOdqction..
cross. section as fupgtiqn of the F vel&city. The Ne croséuséctiéné”wefe

" measured in the backward mode except at energies below 5 MeV where it was

possible to extract both the F and Ne cross sections from a single spectrum.

Kinematically corrected yields were used to calculate the ratio R shown
in Fig. 1. The vacancy sharing.ratio giyen‘by Meyerhof1 fits the data
well wheréas the simple ratio of cross sections calculatédaby the binary
| encounter apﬁréximation does nbt._ Thus the assertion thaf moiecuiar

. processes are important igiaffirmed.

L. E. Meyerhof, Phys. Rev. Lett. 31, 1341 (1975).

8

P

(C. W. Woods, R. L. Kauffman, K. A, Jamison, and P. Richard)
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3.7. K-Shell Auger Electron Hypersatellites of Ne
The éross section -for production of excited Ne ions_with double
K—gheli vacancies has been measured by observing the Aﬁger electrons
from tﬁe decay qf these.§tétes;' The K—sheli Auger hyﬁersateilitéé‘aie"“
' qbservgd only for bare nuclear projectiles of 1-2 MeV/amu N, O, aﬁd F.A
"The enéfgy>deﬁéﬁdéﬁcepof'the“F9+ induééd‘hﬁﬁétéatellite_cross sections -
suggests a K-shell electron excﬁange mechanism, since the observed cross
_section is decreasing with increasing projectile energy in the region
studied. The charge state dependencé indicatés that it is necessary to
_ﬁ;vé ﬁwéAK—shell vacanéies pregenf;iﬁ_the projectile to produce an
faépreciable amount of hypersatellite intensity. Resolution was not
‘sufficient to resolvé the estimated 130 allowed KLM and KLL Auger hyper-
vsatellite transitions but total intensities could be extracted. The KLL
hypersatellites result in 15% of the Auger specfrum and the KLM excitation
hypersatellites gccount for 5% of the total spectrum-for~30 MeV F9+. The
benhancément of a Li-1like éingle K-shell vacéncy Augér franéifion coincid-
ing with the hypersatellite enhancement is reported.  This is significan%
in that a configuration with four L-shell electrons or three L-shell
electrons and one M-shell electron would feed the initial state of the
Li-like transitions by KLL and KLM hypersatellite‘Aﬁger decéy. Thg
importance of Auger-electron hypersatellites is pointed out as a necessary

consideration in determining experimental fluorescence yield for ion-atom

collisions involving bare nuclear projectiles.

(C. W. Woods, R. L. Kauffman, K. A. Jamison, N. Stolterfoht, and P. Richard)

28




3.8 Argon K-Auger Cross Sections in Collisions with 30 MeV F Ions

The cross sections for the productlon of argon K- Auger electrons
by .30 MeV fluorine prOJectiles in charge states 5 through 9 are.measured.
By comparing these cross sections with previously measured x-ray production

cross sections (0 ), K—shell fluorescence yields (w ) characterizing these

~collisions are deduced. .Observed values of wK,average‘llé abqye‘the _ 1'““
neutral argon atom fluorescence yield and show no systematic ¢ependence

on projectile charge state. The results are summarized in the table below.

| D P el
??tOJéctl;e‘ E(MeV) 1 Ga ;qx o wK o
gt 4 0.604° 0.0839¢ = .122%
ph 30 10.7 (1.59)% .129
Fo 30 9.5 1.59¢ .143
g/ 30 1 14.9 O 2.49° 143
g 30 34.8 5.16° .129
Fo 30 | 64.1 © 10.2 © 137
EK(F) = .136

a) Estimated uncertainty 10% ing_; 15% in wy,
b) From o_ = 0.0839 and w, = .122. o

L. W. Winters, J. R. Macdonald, M. D. Brown, L. D. Ellsworth, and T.
Chiao, Phys. Rev. A7, 1276 (1973).

¢) Values from above referance multiplied by 1.10.

d) W. Bambynek, B. Crasemann, R. W. Fink, H. U. Freund, H. Mark, Ct D.

Swift, R. E. Price and P. Venugopala Rao, Rev. Mod. Phys. 44, 716 (1972).

L. M. Winters, J. R. Macdonald, M. D. Brown, T. Chiao, L. D. Ellsworth
and E. W. Pettus, Phys. Rev. A8, 1835 (1973).

e) Values from above reference multiplied by 1.34; cx(+5) taken = Gx(f6).

(C. L. Cocke, R. R. Randall, and B, Curnutte)
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3.9 Neon K Fluorescence Yields for NQ+—Induced Collisions

_ . L
The Ne K Auger electron cross section for N4+’5 64,7

ment at 14 and 19 MeV energy are measured. Ne K fluorescence yields

- are derived using the reported Auger electron cross'sections combined o
_.with previous x-ray crbss section measurements. These fluorescence yields
are compared to semi-empirical yields derived from high resolution x-ray .-

spectra. A summary of the results is given in the following table.

bombard%'

Ne K:Cross Sectiohs [10?19¢m2]yéhd;fiéérééééhéé’Yiélds for NQ+ Impact.

U Mev foo 19 Mev 21 MeV. -
Q+ c 2 o w. Tl o? g o w, W, W b
_ X A K : X A K K K
4 0.94 11.5  0.076 | 1.02 14.5 0.066| 0.060 0.034
5 1.35 22.2  0.057 1.49 28.4 0.050| 0.046 ...
6 3.67 50.4 0.068 | 3.10 50.3 0.058 | 0.055 0.046
7 12.53 83.2 0.131 8.11 84.3 0.088] 0.079 9.078

-a) F. Hopkins, R. Brenn, A. R. Whittemore, N. Cue, V. Dutkiewicz, and
R. P. Chaturvedi, to be published in Phys. Letters A. :

b) R. L. Kauffman, C. W. Woods, K. A. Jamison, and P. Richard, Phys. Rev.

A 11, 872 (1975a).

(Forrest Hopkins, C. W. Woods, R. L. Kauffman, K. A. Jamison, and Patrick
Richard) -
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4, "TONIZATION CROSS SECTIONS IN THIN SOLID MATERIALS

R . . ..v.-...A,..,..v‘_..., Mut..v:: . L ) . . 12 N 14 - ) 16 .‘
4.1 K-Shell X-Ray Production Cross Sections for c, N and 70 on Thin
' Solid Targeﬁs.
. _ K—shell x-ray production cross sections were measured for; C,
14N and 16O projectiles incidep:#q?qn“thin targets of Ni, Rb, Ag and Sb._

'The measurements were undertaken to provide tests of the extension of.

‘Mpfésently available theories for inner-shell ionization for light inci-

dent ions to heavy ions, where the ratio of the projectile (Zl) and target

r(ZZ) atomic numbers obey the property of Zl/ZZ < 1. 1In this work Zl/ZZM

ranged from 0.12 to 0.29. The energy range of the experiment was chosen

to give equal values of El/Ml for eaéh projectile species from 0.4 to
2.4 MeV/amﬁ in steps of 0.2 MeV/amu.

The results for the comparison’ of the fheoretical calculations
of the x-ray cross section to the daté are shown in Fig. 1 for 12C on Ni,
It is seen'that the unperturbed calculations represented By the plane-

wave Born approximation (PWBA), the binary—enéounter apprbximatidnq(BEA)

and the semiclassical approximation (SCA). all overpredict the magnitude )

of the measured cross section for K-x rays in this case. This feature is
typical of the elehents studied in the present work. The iqclusion of
binding ehergy corrections and Coulomb deflection corréctions in the PWBA
(to give the PWBABC theory) yields an.improvement in the agreement between
the theory and data. Fufther improvement is obtained if, in addition, the
high energy electron polarization perturbation is also considered as in

the curve labeled PWBABCP. .
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As the experlment was performed during one accelerator run, the

relative cross sections for 12C, 14N and 160 are independent of experlmental

normallzatlons for detector efficienciles and target configuratlons. A
direct comparison of the x—ray productlon Cross sections thus prov1des a

crltlcal test of the predicted Z 2—dependence of the unperturbed theorles

1

(PWBA BEA and SCA). Shown in Fig. 2 is such a comparison for Ag bombarded |

by.lZC, 14N and 6 . The data ere.inAeicellent agreement with the predic—

tions of the PWBABC theory in regards to the crossover in the cross section
magnitudes, ize., the leO—induceq'cross"section'is lower than the C-
induced crossfs;ction athtnehioner'eneréies andrthe reverse is observed at .
the higher eneréies. Inspection of the ceusitive factors for this behavior
theoretically snows that the binding energy effect is solely responsible
for such behauior with > 90% of the reduction in calculated cross section
(compared to the PWBA) being directiy associeted.with the binding energy
perturbation. -~ -

Larkins' estimates1 of the changes in the fluorescence yield,

K’ arising from multiple ionization show that W should not increase by
more than 16% for the worse case (Ni). Such changes in wK tend to raise
the calculated cross sections and hence further and to the magnitude.
discrepancy for the unperturbed calculations. As the PWBABC calculations
are v 50% below the data @ El/Ml = 1.4 MeV/amu, such changes in Wy will
not account for the observed differences between the data and this theory.

Inclusion of the polarization effects does not lead to a resolu-
tion of the magnitude -discrepancy for the PWBABC. Consideration of other

mechanisms such as K-shell charge transfer may be appropriate. However,
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such comparisons are yet to be made and await an adequate theory for the
purpose of comparison to the results such as are in the present work.
1)

F. P. Larkins, J. Phys. B 4, L29 (1971).

(Tom J. Gray, Patrick Richard, Robert L. Kauffman, R.- K. Gardner, G. M. .

‘Light, T. C. Holloway and J. Guertin)

- 4.,27% High Resolution Studies of L-Shell Ionization by Light Ions.

.

Wérk is in progress on the measurement of transition strengths
e , .

forwihe L-xitays arising from light ion bombardment. The work is planned
for the incident ion species lH, AHe and 9Be. This work may allow the
observation of entrance channel effects on the relative radiative widths

Qf_é}ansitibhs involving equivalent final states. As the observed radia-
tive: strengths for transitions.such as L, and LY which are L  ~transitions
i 5 i 1 _
electron population, respectively, measurements

e D

I3

’4he M and NI

A
-3

of their reiative rgdiafive widths is proportional to the integration of
the projectile with the outer shell electrons independént of the LII—hole
formation. | o o ¢

Preliminary work has been completed to optimize the exper%mental
parameters associlated with jnstrumental resolution, target configuration,
and count rate. Modifications to existihg target facilities now allow

absolute normalization to the scattered projectile yield arising from

nuclear elastic scattering. Work is presently in progress to allow absolute
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efficiency calibration of the crystal spectrometer by use of a calibrated

Si(Li) detector.

(Tom J. Gray, Patrick Richard, Keith Jamison and Jim Hall)

| 4.3 M—Subéﬁéil X-Ray Cfoés Section Measurements:
Work is in progress on the measurements\of M-shell x-ray cross. o
sections for protonstbn‘Aé. Thin selffsupportingvgérgegs of Au have b@en_._;”-jﬂ -
| bombarded ‘,_With_ P,rotops__ovgr an energy range of 2.6 to 5.0 MeV. | The .M3-.-I‘\Ivlﬂ, |
M, MB and M relative x-ray cross sections have been measured and work
is in prbgress to determine the absolute efficiency of thé ARL 25600 spectro-
meter in order to obtain absolute x—ray cross section vaiues.l-The measured
transitions allow the study of the MIII-’ MIV— and Mv~ionization créss
sections through the‘x—ray channel, thereby providing é basis for tests.
of the‘PWBA theory for M-shell ionization. It is planned to exteﬁd the
bombarding energy range down.to &-0.4 MeV; in order to examine the predicted

structure in the M, . _-related x-ray transitions as a function of incident

III

projectile energy. Further work with 4He.and 9Be is planned to examine

' N . . 1
the need for perturbation corrections to the PWBA theory and the systematic

properties of M-shell ionization for ions other than lH.

(Tom J. Gray, PatricK Richard, Keith Jamison, and Jim Hall)
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5. EXPERIMENTAL IMPACT-PARAMETER DEPENDENT PROBABILITIES FOR K-SHELL N

VACANCY PRODUCTION BY FAST HEAVY-ION PROJECTILES -

_The impact parameter dependence of the probability for orodnc—
tion of target K x rays has been measured for oxygen projectiles - on.copper -
and for carbon and fluorlne projectiles on argon at scaled veloc;ties
’ 'néar”b.S.'MThe 0-on-Cu data was taken for-l.56;=lu88 and 2.69 MeV/amn 0
" beams incident upon thin Cu foils. ‘A thin Ar gas target was used for
_¥.§6”Mey/amu Cd and F beams, permitting measurements to be made for
charge—pure»C+4 C+6; F%g, and F +> projectiles: Ar and Cu K x rays were .
observed in a Sl(Ll) detector and scattered progectilesnln a colllmated
surface-barrier detector. Comparison of the shapes of the measured
probability curves with predictions of the semi-classical Coulomb
approximation (SCA).shows adequatelagrEement for the O-on-Cu system.

For the higher ratio of projectile to target nuclear charge‘(Zl/Zz) .
7 characterizrng the C-on-Ar and F-on-Ar systems, the SCA predictions are
entrreiy.inadequate in describing the observed impact parameter dependence.

In particular they cannot account .for. large ptrobabilities found at large .~

R

~impact narameters.- Further, theldependence of the shapes on' the projectile
"charge state is found to become pronounced at thé larger Zl/ZZ' Fig. 1
'deplcts thls trend for five measurements. 0‘

An attempt to account for thlS behavior in terms of a molecular-
orbital vacancy-production process has been made. The approach used
follows closely that discussed by Briggs and Taulbjerg (to be published).

The time-dependent Schrddinger equation was integrated numerically for

a system constrained to evolve within a basis of the lso, 2po and 2pm
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orbitals. The rotational matrix element coupling the 2po and 2pm
o 3 by LZp R/
orbitals was approximated by e ' " . The radial matrix
: R

element coupling the lso and 2pw orbitals was generated by extra-
polating, from more nearly charge symmetric cases, the matrix elements

‘calculated by Briggs and Taulbjerg. Intially the 2po orbital (K-shell

fluorine) was assumed vacant, the equations of motion were integrated R

with the projectile following a Coulomb trajectory,_and”the'pgqbéﬁiligxiillM; m

that the vacancy emerges from the encounter in the lso (K-shell argon)

was evaluated.

The results are 'shown in Fig. 2. Since, for F+5’oﬁ”Arm£hef*'"‘

4”'éﬁoniévpresumably'initially filled, we take the difference betwééﬁ'the :,‘-. B

P(b) curves for F+5 and F+9 to represent the experimental measure of
1s¢ - 2po vacancy transfer. There is no agreément between experimental
.and calculated curves. However, there are features of the calculation
which deserve attentioh. The model produces an o;cillatory behavior of
P(b) npt.observed gkpe;ipgntally. This oscillation, in both b andbv;
results from the‘coherencé between the lso —.Zbc transfer on incoming and
T S o, .
outgoing p#ths..-That“i;, fhe vacané} transfers from 2po to 1lso going in
but partially transfers back going out. The probability for finding the
vacancy in the 1lso orbital isrpuch 1argef halfway through the collision
: \
than it is after the entire encounter is completed. In fact, if omne
artificially suppresses the re-transfer by evaluating P(b) at the

distance of closest approach, one obtains a P(b) which closely resembles

the experimental one, as shown in Fig. 2.

(R. R. Randall, J. A. Bednar, B. Curnutte and C. L. Cocke) -
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6. X~RAY SPECTROSCOPY WITH HIGH ENERGY IONS

6.1 Radiative Auger Effect in Ton-Atom Collisions

The radiative Auger‘efféct,‘RAE, has Been observed for Al ‘and Si
bombarded by 142 MeV Hf.'”This is the first observation of the RAEﬂxrray;iT;,,,wﬂ,ml
_edge using ion excitation; siﬁéé the RAE is a fundamental mode of deééy
’itvshould’be‘indepéndenf of the methpd of excitatipn. The RAE has - |

been observed previously in high resolution x-ray spectra ofbprimafyvmy'“my"”

+
and secondary excitation.1 The observance of the RAE in H induced

spectra(adds éupport to the hypothesis that the RAE ié.a fundamentalﬁu

_mode of decay.

The RAE x-ray structure which falls 91 and 124 eV below the
energy of the Kal 2 line in Al and Si respectively is_approximately 0.15%
. ’

of the normal Ko x-ray intensity. These structures occur at the same

: ; . R . + . '
energy and with the same relative intensity for H induced spectra as

for electron and,photon.excitation. The most prominent of these structures -

is an'edge'corrésponding'tb the R;LQ3L23 Auger ehergy which is consiétent‘

‘with the RAE theory... .. .. - . . . - n

1J. Siivola, J. Ultriainen, M. Linkoaho, G. Graeffe, and T. Abeig,

{2

Phys. Lett. 324, 458 (1970). v

(P. Richard, J. Oltjen, K. A. Jamison, R. L. Kauffman, C. W. Woods, and

J. M. Hall)
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6.2 Radiative Electron Rearrangement: A Proposed Description for Low

" "Energy Satellites Observed in Ion-Atom Collisions

We propose a satellite sequence as an explanation for the low

intensity peaks observed just below. the enéfgy.of the Kai 2 nbrmal_x—ray
e - -on A e T B =

" line._ The sequence arises ffoh the radiative decay of the (13)—1(2p)—n-~

+1

initial configuration tovthg_(Zg)iz(ZP)—? _'figéithnfiguratibn: [ S U

this rearrangement process the 1s and one of the 2p vacancies are
simultaneously filled by the 2s electrons, and a single‘photon is

emitted. Since this model requires at least one L-shell vacancy in

.~ ‘addition to the K-shell vacancy, the yield_fbr H+ and é— induéed spectra

-.ghbgld be small however a much larger yield is expected for heavy-ion
collisions were singie K-multiple L-shell vacéncy populatioﬁs are more
~ probable. Hartree-Fock energies for this rearrangement decay agree well
ﬁ‘with the observed radiative electron rearrangement peaks (n = 1-4) for

} térget Z from Na to Ti.

(Ke%th A. Jamison, Jim Hall, and Patrick Richard)
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6.3 Enhancement of Radiative Electron Rearrangement in Si by He

Bombardment

It has been shown that the energies of the peaks observed below

- the Ka, ', line can be predicted by radiative electron rearrangement: (RER) - -

1,2

in the K and L shells (see previous section). In this model two sequences .

:of.lines'baéedvbh'thew(lsj_lﬁéb)én”{hitial cbnfiguration‘are~bredicted.

—(n+1)

One sequence is the normal KoL® satellite decay to the (2p) final

_configgration.v The other sequence is the competing RER decay branch to

che (ZS) (2 ) ~(a-1) final conflguration. Spectra induced by e and H+:

" show the radiative Auger effect (RAE) edge as well as the first (n =1)

RER satellite (RERl). We have observed in He induced x-ray spectra of
Si an order of magnitude increase in the intensity of RERl as well as

KocL1 relative to Ka This simultaneous enhancdement of RERl and KoL

1,2°
gives support for the proposed RER model since the two transitions are

decay branches of the same initial configuration. Si x-ray spectra

obtained with H and He bombardment are shown in Fig. 1. The KaL# and

RERn x~ray branches are easily observed and identified. The measured . . .. .

branching ratios are RERl/KaLl

2

and RERZ/KaL = 0.33 for both H+ and He+ bombardment.

(J. Oltjen, R. L. Kauffman, C. W. Woods, J. M. Hall, K. A. Jamison, and

Patrick Richard)
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6.4 Multiplet Effects in High Resolution Ne Ko Structure.

The effects of multiplet splitting upon high resolution Ne K,

x-ray spectra from ion-atom collisions are considered. The calculated -

splittings of the multiplets are as large as the splitting due to o

different charge states. The several multiplets, though, are grouped -~

-about a central value which is apprOXimatély_;he’cenffoidfof the observed -

peak. Special considerations must be givénvto'thé two- and three-electron

systems due to (1) the small number of transipiqpsyyiph_largg multiplet

_:splittingsAand (2)_the PORUlEEiQQHQf.ﬁheHlSZS% and 1s2s configurations

Which_have no K x-ray branches. The decay rapes_for‘the different decay

* channels for all of the'different.decays; especially the three-electron

system, need to be calculated to interpret the K x-ray spectra. Bhalla

recently has performed calculations for'two multiplet levels for the doubly

‘ionized case.1 Despite the splitting effects and the effects of unobserved

states, useful information concerning multiple ionization should be able

to be obtained from the high resolution data.

1o, ». Bhalla, Phys. Lett. 46A, 185 (1973).

(* '
(R. L. Kauffman, C. W. Woods, K. A. Jamison, and P. Richard)
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" the cases of 30-MeV O

" 6.5 Charge-State Dependence of the Ne K Fluorescence Yield Deduced from

High-Resolution Emission Spéctré;

In this paper a method is described to determine semiempirical .

. K fluorescence yields of Ne in ionization,statés KLi~f0r i=1%to 7. The . . .

method requires high-resolution K x-ray intensity ratios,l’? the K Auger-

_electron intensity ratio for the KL configuration,B’4 and--the average. .

flﬁbféséeﬁéé.yiéids determined from x-ray and Auger—electron production

Cross §eg§igg§fA_Ihgh§nglysis assumes that the ionization probability
‘ is described by a binomial distribution in the probabilities for single

- K~shell. and single L-shell icnizatipn.6’7' Theoreticg%ﬁK flggyescence '

yields of Ne have been given by Bhalla and co—worker58 and are found to

increase with increasing L-shell ionization. In addition, Matthews et al.

. have calculated semi-empirical fluorescence yields of Ne which differ = -

from the values of Bhalla and co-workers and which are not independent

of the projectile producing the ionization. In the present work we anaiyzeA

5 8+

+ + Ne and 35-MeV O + Ne and obtain a set of

R N . i . . .
fluorescence yields for ionization states KL which are consistent within =
the experimental errors. These are the only two cases for which enough

data are available to obtain fluorescence yields by the present technique.

lR. L. Kauffman, F. Hopkins, C. W. Woods, and P. Richard, Phyé.'Rev. tett.

31, 621 (1973).
2D. L. Matthews, B. M. Johnson, and C. F. Moore, Phys. Rev. A 10, 451 (1974).

3D. L. Matthews, B. M. Johnson, L. E. Smith, J. J. Mackey, and C. F. Moore,

Phys. Lett. 484, 93 (1974).



“AD Burch N Stolterfoht; D. Schneider, H. Wieman and J. S. Risley, to

be published.”
5D Burch W. B. Ingalls, J. S. Rlsley, and R. Heffner, Phys.. Rey. Lett.
gg? 1719,(1972)? D. Burch, N. Stblterfoht,_D% Schneider, H. Wieman, and
3. s. Risley, Phys. Rev. Lett. 32, 1151 (1974). -

6D. Burch and H.'Swaqsdn,winsProceedings of the International Conference

on Inner;Shell Ionization Phenomena ahd Futuré Appliéations; Atlanta,
Georgia, 1972, edited by R. W. Fink, S; T. Manson, I. M. Palms, ana P. V.
Rao, CONF 720404 (U. S. AEC, Oak Ridge, Tennessee, 1973) P. 1464 I. M.
' Hansteen and 0. P. Mosebekk Phys. Rev. Lett. 29, 1361 (1972). S
7F F. Hopklns, D. 0 Elliott C P Bhalla, and P. Rlchard Phys. Rev. A
'8, 2952 (1973), and references included in this paper.
8C. P. Bhalla and M. A. Hein, Phys. Rev. Lett. 30, 39 (1973); C. P. Bhalla, |

N. 0. Folland, and M. A. Hein, Phys. Rev. A 8, 649 (1973).

(N. Stolterfoht, D. Schneider, P. Richard and R. L. Kauffman)

PR

6.6 Relative Mﬁltiple Ionization Cross Sections of Neon by Projectiles

in the 1-2 MeV/amu Energy Range. ' (x

The change in the Ko x-ray spectra of neon is studied as a function
+4,+6,+7 _+h4,+ ;
of projectiles of C+3’+4’+5’+6, N 4,6, 7, 0 4s 5’+6’+7’+8, and F+9 having

an energy between 1 and 2 MeV/amu. The spectra are observed using a curved

crystal spectrometer with a resolution of v 4 eV. Combined with previous
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measurements data are obtained for projectiles from carbon to argon..‘X rays
are obsefved fféﬁ.différent ibnization states of Ne designated by KL® for

n = 1-7. An 81% correction between the KL5 peak and KL6 peak is derived.
Semiempirical f fluorescence ylelds are applied to the relative x-ray inten—'””""
'SltleS to obtain relative multlple ioﬁléatioﬁ'croés:sectlons. These cross’
séctioné.ére flttéd by a binomial dlstrlbutlon as predlcted by Céulomb |
ionization. All cases give good fits except for the F 9_1nduged spectra.
A possible explanatlon is that a different excitation mechanism may exist

for this near-symmetric collision case.

(Robert L. Kauffman, C. W. Woods, K. A. Jamison, and Patrick Richard)

6.7 Ko Satellite X Rays in Al, Sc, and Ti Following Bromine-Ion Bombardment.

A 4" curvéd crystél spectrometer has been used to resolve struc-
_Lﬁfé in Ko X rays ffom thick targets of.Al,‘Sé, aﬁd Ti féllbwing Erbmihg;
ion boﬁbardmen@. We have found that Br;induced spectra show structure
that can be resolved into.kaLn'peaks. The KoL" peaks of Al are clearly
resolved for n = 0-5, however the KaL™ peaks of Sc and Ti are resolved
dnly foé}stateslwith n 5.4. All peaks are broadened and shifted to higher
than normal energy due to the degree of M-shell ionization., We can con-
clude that the M-shell ionization increases with L-shell ionization for
Ti and Sc which is due to a collisional process and thaf M-shell ionization

is nearly the same for these two targets. Al shows nearly equal relative
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intensities for 2, 3, and 4 L-shell vacancies ard exhibits a slight

decrease in M-shell vacancies with increasing L-shell ionization.

" 6.8 Neon Ka, KB Satellite Structure Induced by 80-MeV Argon-Ion Impact

- High-resolution-(full width obtained half-maximum ~ 3 eV) neon
'K’x—iéyuépéétra QBtaiped with 80-MeV argonfiqn bombardment from the Oak

Ridge Isochronous Cyclotron are for two narrow ranges of the projectile .

charge state (q =6, n 14). Production of the various satellite lines = -~ =

is found to depend on the projectile charge state. When the projectile
is Arl4+, the target.is at least 6 times ionized, and a significant

fraction (> 20%) of the observed radiation comes from hydrogenlike and

heliumlikéAions;

(J. Richard Mowat, Roman Laubert, I. A, Sellin, Robert}L.'Kauffman, Matt . -

D. Brown, James R. Macdonald, and Patrick Richard)
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7. ATOMIC LIFETIME MEASUREMENTS

-7 l L1fet1me Measurement of the 3Pl'State'of Heliumlike Sulphur °

An apparatus suitable for direct beam—fbil ﬁeasuremeﬁt of mean
lives of xjyaj emitting states with lifetimes in~;he neighBorhoodvof
'110"12' sec has been developed. The apparatus uses a uniformly linear
'fféck”which~movesrthe exciting. fofl in steps of 1.3 ym. A Doppler tuned

spectrometer is used to obsérvé radiation ffom the foil and up té:lOOOfum
downstream. A 5590 A thick nickel foil was used with sulphur beams at
v50 60 and 66 MeV to obtain x—ray spectra of heliumlike sulphur.l Tﬁé: o
measured spatlal resolutlon‘was approximately 20 pym. The downstreém | |
edge of the foil position was assessed using the prompt'Ni X rays.ffom the
foil. Our preliminary result for the lifetime of the 3Pl state in Helium—
like sulphur is (1.7 £ 0.3) psec in agfeement with the theoretical value
extrapolated from ref. 2.

16, L. Cocke et al., Phys. Rev. A 9, 1823 (1974).

vZG. W. F, Drake and A. Dalgarno, Ap. J. 157;A459 (1969).

(S. L. Varghese, C. L. Cocke, B. Curnutte, and R. R. Randall)
/\'x
7.2 X-Rays from Foil-Excited Iodine Beams

M-X-ray spectra from foil-excited iodine beams between 40 and

62 MeV have been studied using a bent-crystal spectrometer. The prompt




spectrum is so rich as to defy analysis, but the delayed spectrum exhibits
a number of resolved lines. Electric quadrupole 4s - 3d transitions are

observed from metastable systems in the NiI, Cul and ZnI isoelectronic

~ sequences. Electric dipole 4p » 3d transitions from states in these iso-

electrénic sequences also appear downstream. Transition energies and

dqa&rupolelirtetimes have been measured aqd'arencompared_with'tpe;reep;ts‘ﬂVMlA
of'both'reiativistic and hénfrelativistie ealceiatieﬁs,:#The iineridehti—
-fication scheme is depicted in Fig. 1 which displays I beam x-ray spectra
at two bombardlng energies with the exciter f01l Just upstream of the -
viewed reglom. Flg "2 gives the lifetlme measurement ‘data for the peaks -

 labeled la, 2 and 3 in Fig. 1.

(c. L. Cocke, S. L. Varghese, J . A. Bednar, C. P. Bhalla, B. Curnutte,

R. Kauffman, R. Randall, P. Richard; and C. Wooﬂs)

7.3 Lifetime of the 2 8

1 State in Heliumlike Sulphur and Chlorine

Beam—foil measurement of the lifetimes.of the (1s2s) 2 331 state
in heliumlike sulphur and chlorine have been made. A Doppler—-tuned x-ray
spectrometervwas used to detect the x rays‘emitted from the 1 1So <« 2 351
transition. Time-of-flight techniques were used to trace the decay profile
of the emitted x rays for 38-55-MeV sulphur and chlorine beams over flightv

paths of 56-861 cm. For foil-to-detector flight times greater than one

half the theoretical lifetimes of 698 nsec (sulphur) and 374 nsec (chlorine),
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x

the respective experimental lifetimes of 706 * 86 and 354 + 24 nsec are
in agreement with theory. For Shorter.flight times, the experimental

decay profiles are not single exponentials. This experimental effect is

‘the source of the previously reported discrepancy between experimental

and theoretical lifetimes of the 2 381 state'iﬁ heii&ﬁliké'éﬁiéfine;

(J. A. Bednar, C. L. Cocke, B. Curnutte, and R.Randall) = '~~~
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8. POLARIZATION STUDIES OF ION-INDUCED X RAYS

8.1 Anisotropy of Characteristic K-Shell X Rayé frém Heévy—ioﬂ%Atom'

‘Collisions.

:m“:"Angplér distribﬁtions QfAfagget énd projegtile,Kdg_fays,have
béen measﬁfed for 3-MeV protons on Ar and'33—MeV-F+6;+7ff?MQQ;ﬁ§.aqdhAr.“
The Ar térget;K'x}raydéﬁiggiéhviéfné;rly iédtfbp{é"iﬁ%éli cases. -The-
pfojéétiléTK'k;fay'éﬁiééidn; hbﬁever, is anisotropic in the moving"
frame of the:projecti%g'inmgll‘qasesf ”A”large.polarization fraction, P,
_}(yz3%l;}ihde4uped from the angula? distribution formula for dipéle
cadtation 1(3) = TGO (1 - Peos?s), vhere 6 is che angle of enission
in the emitting resﬁ framé relative to the beém direction. The measured
polarization fractions of the F projectile K x rays impiies that the
radiative P states are populated nonstatistically so as to favor my =0

_over lm = 1 substate (defined by quantization along the beam direction).

ol
It isvproposed that the polarization can be qualitatively understood as

an alignment in excited states populated by electron capture in atomic

collisions.

(E. H. Pedersen, S. J. Czuchlewski, M. D. Brown, L. D. Ellsworth, and

J. R. Macdonald)

8.2 Polarization Fractions of K X Rays Emitted by Fast Fluorine Ions Incident

in Different Charge States on He.

Polarization fractions as described in the previous section have
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been measured for Fn+ on He for the incident charge states n = 2-9 at

10-MeV, ﬁ‘=‘5—9 ag'i§~MéV‘andln = 5—91at 30-MeV. The polarizétionvffaction
inéreaées monotoﬁicéilylwitﬂvn from a value of v 0.03 to v 0.28. These:
Wm;ég;iég”éan‘be understood qualitatively if it isygsspmedﬂﬁha;»g}eq;rog
qépéu;éufeééﬁionsAﬁ?gg;cé>aiignmeﬁt'bf excited states, while direct
Coglomb ionizatioﬁwaf—éikveiéétroq légvés ﬁhébrest 6f tﬁé ioﬁAiﬁbé‘sféte
with no alignment. For low charge state ions, Coulomb iéniéation pfedomi;
~nates and yields at most a small polarization fraction. With increasing |
‘Méharge state, contributions from electron exchange of K-shell ionization
“with simultané&ué electron captﬁre may explain increéSing polérizétion'
fraétions.' Fof.Ehe'ﬁéfévﬁuciédéwéégé eléétrbﬁ éathre to excited states
is.the only éxcitation mechanism.

(8. J. Czuchlewski, L. D. Ellsworth, J. A. Guffey, E. H. Pedersen, E.

‘Salzborn, and J. R. Macdonald)

8.3 Direct Measurement of the Linear Poiafiiétioﬁ>6f;Lyman—d'X Ra&é

The Bragg scattering from a convenient crystal can be used to
investigate the polarization of x rays emitted following inne{!-shell
ionization.l Such a polarimeter has been developed and used to measure
directly the polarization of oxygen Lyman-o radiatioh emitted by enefgetic
oxygen beams passing through a thin carbon foil. With no significant
variation with beam energy from 8-32 MeV, a polarization fraction of

(+14+2)7% was observed directly by comparing the radiation intensity in
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'fhe Bragg peak with the polarimeter oriented alﬁernately parallel and
vperpendicular to the incident beam diregtion. The obsef&ééﬂgggiéziém
polarization that is attributed to electron Capfure probesses is ébh— 'H
sisfent with thatvdeduced‘from anisotropié aﬁgﬁiafhdiéfiighfions of pro-
jéétile x—fadiééién gggé;Qé&‘;;EQiouéiyz in'heAQy—idﬁ coiliéioné{:‘”

15, urdag, A. Henins, and J. A. Bearden, Phys. Rev. A 2, 1708 (1970).

FZE. H. Pedersen et al., Phys. Rev. A 11, 1267 (1975);

S..J. Czuchlewski et al., Phys. Letters 51A, 309 (1975).

(L. D. Ellsworth, J. A. Gufféy;HJ.‘R. Macdonald, and E. Salzborn)
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9 THEORETICAL SPECTRA IN TON-INDUCED REACTIONS

9.1 Relative Multiple Ionization Cross Sections of Neon by Oxygen Ions

Several high-resolution studies of neon K x rays have been

'r'eportedl 3 for .oxygen ions with bombarding energles N1 -2 MeV/amu.”

_ The experimeﬁtaiﬂpéeks in the spectrum are usually labeled by the notation

»KLQ,”iﬁpiyiﬁg evsingle K'Qaeehcy'and'h’vacanciES'in the L-shell.
We made a reanalysis of x-ray data for 30 MeV O+5—neon colli-

...sions. .. The theoretical fluorescence yields and transition energies ’

.. were used. We assume a statlstlcal populatlon of the spectroscoplc terms.

end the binomial distribution for the relative population of the electro—
nic configurat10ns.3 The theoretical x-ray relative intensities depend
on the average probability of L-shell ionization at small impact para-
meters, PL(O). Figure 1 contains a theorétical x-ray spectrum for PL(O)
equal to 0.375. Each line was taken to be GaussianT with a half-width,

AE, of 0.375 eV. It was found that the peaks labeled k8, x?, kit and

' . ' . 1- ’ o .
KL3‘1n the experimental studies 3 need corrections. so that the relative
x-ray intensities represent correctly the -contributions- of the various

degrees of ionization, as indicated by the notation (KLn).

There are two high-resolution x-ray spectral measurements of

neon for 30 MeV O+5 projectiles. The values of PL(O)\wefelobtainea to be’

0.375 and 0.345 respectively for the best fit to thebexperimental X-ray
relative intensities as reported by Kauffman et al.3 and by Matthews
et al.2 The theoretical x-ray spectrum for two values of PL(O) are

given in Fig. 2 by assigning a half width of 2 eV to each line. The

P IE) = (exp-1(B-E,) /0E1) /0BT

58



|
, |
|
\

o
1

£ INTENSITY -

O
!

6S

X-RAY RELATNV

S

O
I

HALF WIDTH = 0,375V

AL

850 870 890
B ENERGY @V>

Fig. 1
Sec. 9. l




D

o

N

o

09

D

X-RAY RELATIVE INTENSITY
8]

N

1
850

" oo %50
ERGY  (eV) ? |

- Sec. 9.1 -



relative ionization cross sections3’6 are given by the following expression:

o (KL /o (K) = (2)'[PL(O)]n (1 _'PL(O)]S_Q ,

“where (8) is the binomial coefficient. Using the theoretieal fluoreseenee:

ylelds and values of P (O) as 0.375 and O. 340 we obtaln the average »
fluorescence yields for 30 MeV. O 5—neon collisions” respectlvely to be
O 045 and 0 038 whlch compare favorably with the experimental value7 of

0.04 + 0.008.

From our. analy51s it is clearly demonstrated that detailed

calculations of the . theoretical spectra averaged by az2ev Gaussian reso-

lution reproduce the relatively simple experimental Ne spectra with 9 peaks.
We~conclade thus ﬁhat.the analyses of spectral measurements to obtain
ionization cross sections should be performed by a airect comparison of

the experimental and the theoretical relative intensities to avoid any

errors and ambiguities arising from the overlap of multiplets belonging

to different electronic configurations..

lR. L. Kaaffﬁan, F. F. Hopkias, C. W. Woods, and.P. Richard, Phys. Rev.
Letters 31, 621 (1973).

D. L. Matthews, B. M. Johnson,AC. F.‘Moore, Phys. Rev. A 10, 451 (1974).
R. L. Kauffman, C. W. Woods, K. A. Jamison, and P. Richard, Phys. Rev. |
All, 872 (1975). N

C. P. Bhalla, Phys. Rev. A 12, 122 (1975).

C. P. Bhalla, J. Phys. B 8 (1975).

J. M. Hansteen and O.-~P. Mosebekk, Phys. Rev. Letters 29, 1361 (1972).
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7D. Burch, W. B. Ingalls, J. S. Risley and R. Heffner, Phys. Rev.

Letters 29, 1719 (1972)."

“(c. P.BRallay "

%

. 9.2 Lifetimes and Fluorescence Yields of Three-Electron Ions

.. The theoretical investigations of few-electron ions are impor-
tant”for the'diégno§§icAépplicafions to plasﬁas and solér fygres.  Simi—; 
larly.suCh calculations are,aléo_relevaﬁt,to.the recent expe;imep;a;ﬁﬁﬂ
spectral measurements in ion-atom collisions and the ﬁeasurements of
lifetimes. |

Satellite lines situated on the long-wavelength side of heliumj
like resonance lines weré first reported from laboratory spark sources
by4Edléﬁ.énd:Tyréﬁ.; Walker and Rugg,2 Parkinson,3 Grineva gg_gl,,4 and

“Acton étﬁ»al.,5 published the experimental observations‘onAthé.séléf

"

, 6 . . .
spectra. Grineva et al. have now reported a new reduction of -the iron J;

XXV spectra and associated satellites, which are emitted during solar
flares. Peacock g£_§£.7 and Feldman gg_gi.s published the spectra.from
the laser-produced plasmas. .Nagelg discusséd x—ray:diégnostiésvof 1§éer—
compressed plasmas. Golts gg_gl.lo have published a spectfum using a
low inductance spark in iromn.

The theory determining the wavelength and intensity of the lines

for the heliumlike ions and ions with the 1s 2p2, 1s 252 and 1s 2s 2p



‘configurations is given by Gabriel and collaborators.11 Recehtly Bhalla,

Gabriel and Pfeényékovl2 published the theoretical results on the dielec-

tronic satellite spectra for highly-charged helium-like ioms. These

calculations removed the most notable dlscrepancy reported previously

"for the satellite-intensxtles.8

?ellinl3 hes 5&51155&& an e;£eﬁeive review on the lifetimes
of the P 5/2

sequence. Calculations of Cheng et al.14 are in reasonable agreement

autoionizing states of ions in the Li isoelectronic . =~~~

with the experimental data. More recently Betz et al.15 have reported
B -14. o

. .a new technique for measuring short lifetimes = 10 ° sees " Calculations

"7 of lifetimes for few-electron systems are, therefore, needed. Similariy;e""

the line fluofescence yields,16 defined as the ratio.of the radiative
rate for the line and the total rate for the 1evel are essential in
thelanalysis of x-ray spectral measurements relevant to the heavy ion-
atom collisions. Richard17 and Macdonald18 have ‘recently reviewed this
squect.‘ |

The calculations were performed in the intermediate coupling
scheme eﬁd the eoefiguratlon 1nteraet10n between the 1s 232 2S and
1s 2p 2S terms were included. The theoretical expressions for the auto-
ionization rates in the L-S cgupling are given below in atomic enité

(1 a*u = 2.419»10_17 sec).

Aa(lszes.ZS - lsééz 2S) = 2ﬂ[—R°(ls,es,Zs,23)]2

Aa(lszes 2S - 1sZp2 2S) = g%[—Rl(ls,es,ZP,Zp)]z

A (1s%a % - 1s2p” %) = 211 x'(1s,ed,2p,2) 17
Aa(lszep 2P - lsZp(3P)ZszP) = 3ﬂ[—Ré(ls,ep,25,2p)]2 -
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3

Aa(lszsp 2p _ 1s2p(tp)2s%p) = 4nl L RM(1s,ep,2p,28)

- 1 2015, ep,25,20) 1

The relative phases of the amplitudés are‘containgd iﬁvthe brackets..

The continuum electron.of orbital angular momentum £ is dgsignated bY,?%t,.

The generalized'Slatér igtégrélsﬂiﬁQAi;emthree discréfé“éﬁéfééwéﬂahdhe :

continuﬁm stéfenhévéfﬁﬁétiSﬁ.uriﬁévgégéiied'atomic model, Hartreé—Fock—

Slater With thg HVDO ekqhange apqugimﬁgipn,_is_de;qribed by Bhalla.16
m  :Tbe“ﬂagggfngqgk_prqugm of_Froese—Fischer19 was used to obtain

the total energies of the_?éfious,téfﬁé é@d the.§aiués Qf the_séiﬁféyﬁiﬁ l M_

parameters. The appropriate mafrices for various values of the total

angular momentum were diagonalized to obtain the eigenvectors and eigen-

‘values. The procedure of the adjustment of the calculated energies is

disgussed_by Gaﬁriel. - All the appropriate radiative rates, Ar’ and the
aﬁtoiénizétion rétes were,Athen,,calCulated. |
Table i'coﬁtains ﬁhe ﬁotaéion used for‘designating_the indi-
vidual lines. Thg wavelengths of the satellite lines are given by
o 21

Gabriel, Vainstein and Safronova20 and Goldsmith.

The total rate, Pi’ for a level (aJi) is
= +
ri zAr zAa

where ) denotes a sum over all transitions. The line fluorescence yield,

w(aJi+a'Jf) is given by

1 = t i
w(qu+a Jf) = ArSgJi+a Jf)/l"i .
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We have calculated the lifetimes of all the levels (a-v of
‘ s . ...,v,_>. - c' L )

| ' Table'I) of the 1s 2p2, 1s 232 and 1s2s2p configurations ‘and the line

| . ' fluorescence yields for Z = 7,‘8;410, 16 and 26.

. .Table I: Key Letter.System_for,Inﬁividual-Lines

Array =~ ;‘;rm:Mgltiplét"f” T 'Line "'Key”ﬁéfﬁefﬂwm
A isZZp - 132p2' .2P0 - 2P 1%-1% a
L-1% b
- 4 c
o , L- 1% d
250 4 1}-2% e
L1 £
' -1k g
1L- 4 h
, L- L i
2p0 _ 2y 1423 j
-1 k
1%-1%
2p0 _ 2g 14 4 m
-4 n
. 1s22p - 15252 ' 20 ?S' s~ % o
L- 4 p
1s22s - 1s2p2s 2g _ (1py%p? 1513 g
4= 35 r
25 _ (3py2p0 S s
-k t
25 _ 450 15-1% u
' L- L v ¢
2% vt

1
B. Edlén and F. Tyrén, Nature 143, 940-1 (1939).

2
A. B. C. Walker and H. R. Rugg, Astrophys. J. 164, 181 (1971).
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4Yu Grineva, V. I. Darev, V. V. Korneyev, V. V.Krﬁtov, S. L. Mandelstam,
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- Phys. Rev. Lett., 33, 807 (1974) H. D Betz, H. Panke, and F. Bell, Intn' T

Donf. on the.PHysics of Electronic and Atomic Collisions, Seattle, USA (1975).

16 2. Bhalla, Phys. Rev. A 12, 122 (1975).
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“

w%?Ju,R, Mecdonald,'Intn'l Conf. on the Physics of Electronic and Atomic -

Collisions, Seattle, USA (1975) (invited talk).

19C._Froese-—Flscher, Comp. Phys. Comm. 1, 15L (1960).

L. A. Vainstein ‘and U. I. Safronova, Short Communlcatlons in Physics 3,
40 (1972) (Lebedev Institute, Moscow).

215, Goldsmith, J. Phys. B 7, 2315 (1974).
{(C. P. Bhalla and A. H.‘Gabriel)

9.3 Relativistic Contributions to Transition Energies in Nil and Cul

Isoelectronic Sequences.

. : 1 S .
Since the compilation of Moore,” the Nil isoelectronic sequence

- has been studied up to Z=42 by Alexander et al. and for Z=62, 64, and

66 by Burkhalter et al. Only‘electric dipole decays were observed.

Measurement of transition energies for 3d94f > 3d10 and 3d94p + 347" lines

.as high as Z=66 allows one to construct formulae for interpolating with

rather good confidence to energies in the Nil sequence for intermediate Z.
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No detailed equivalent information appears to be available for the 3d94s -+

3dlo quadrupole decays'fbflzﬂabové 33. Cocke et al.z'have reported recently '

the‘M—x—ray'spectra from foil—exdited'iodiné beams. The electric quadru—

pole 4s + 3d and the electric dipole 4p + 3d tran51t10ns of multiply 1onlzed
Vlodlne were studled in the N1I CuI and ZnI 1soelectron1c sequences.- The
_ relativistic'gong;@butionswtq$thg‘transition energies were found to be

‘ - significant in the identification of the experimental spectra.

Theoretical calculations of transition energies and lifetimes

" are not available over a wide Z-range. The experimental and the theoretical

studies are important since such- results could be used as pbssible diagnoé~

tools for tﬁe:analyéis of very high temperature plasmas. Such plasmas are

encountered for example in CTR devices and from the interéctibn of high—,

power lasers with matter.

.

The nonrelativistic Hartree-Fock program (withbut the inclusion

of conflguration mixing) was used to obtain the initial-state wave functions,

the total energy and the spin—orblt parameter. The flnal state total energy

was similarly calculated. The mixing coefficients and the energy eigen—

&3

values were then obtéined in the interﬁediété-bouplingrséhéﬁé..'Tﬁe‘éiéé?

tric quadrupole transifiéﬁs 3d945 > 3d10 and the electric dipole transitions

3d94p > 3d10 were considered as a function of atomic number. o )
The relativistic contribﬁtions.;o the total energies are given

by the diagonal matrix elements of Hm and Hd for each orbital, where Hm and

H, are the "mass-velocity" and "Darwin' Hamiltonians respectively.4 The

Hartree-Fock-Slater program of Hermann and Skillman, as modified by Bhalla

4 . .
et al., was used to calculate the relativistic corrections, AER, to the

68



x-ray transition”energies. Tﬁe X—-ray transifion.éﬁergies, E(= ﬁF + AER),
" were calculated.

. The transitiqn rates were computed using the oscillator strengths
(obtaiﬁed”wiﬁg‘thé.ﬁF“wéve functions) and the eigen véctors.for Z = 40, 50;‘

53, 60, 70 and 80.

L harlotte E. Moore, N.B.S. Circular 467, U. S. Govt. Prtg. Office, Washing- ~ =

ton, D.C. (1952); E. Alexander, M. Even-Zohar, B. S. Fraenkel and S.
Goldsmlth J. Opt. Soc. Am, 61, 508 (1971); P. G. Burkhalter, D. J. Nagel

and R. R,hWhltlock Phys. Rev. A 9, 2231 (1974).

iZC. L. Cocke et al., Phys. Rev., A (submitted for publication) 1975:"

-

3¢. Froese<Fischer, Comp. Phys. Comm. 4, 107 (1972); and 1, 151 (1969).

4F. Hermann and S. Skillman, Atomic Structure Calculations (Prentice-Hall,
Englewood Cliffs; N. J., 1963); C. P. Bhalla, N. O. Folland and M. A, Hein,

Phys. Rev. A 8, 649 (1973).
(C P. Bhalla, C. L. Cocke, and S L. Varghese)
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10. THEORETICAL ATOMIC CROSS SECTION CALCULATIONS
10.1 K-Shell Ionization in Multielectron Atoms by Electron Impact'Uéiﬁg

the Singlé—Particle>Glauber Apprdximatibn.v

Comparison of Glauber and Born..calculations for the ionization . .

of atomic hydrogen by electron'imﬁact with experimentl indicated that the

Glauber calculation was in agreement with observations at prdjectile

energies_neaf and above the-ﬁeaktéf the cross section while the simpler

Born results are as much as a factor of two larger than experiment. In

-order to convenien;ly”gxtgnd the“Glauber>theofy to multielectron targets

a single particle Glauber approximation wasvdeveloped which reduces to

the simpler, widely used Born approximétion at high energies. The single

~ particle Glauber results (labeled GME2 and GME3) were in good agreement

with observed total ionization cross sections in helium near and above the:
peak of the cross section, as-shown in Fig. 1, while the Born results
(labéled-Beil~Kiﬁgston) were as mﬁch asvSO%'too laige. Further caicﬁla—
tions fér electron ionizatién of'lithiﬁm,-ﬁoron, and £e§n iﬁdicate that
digferencés between single particle Glauber and Born K-shell ionization
cross sectioné become small as the target Z increases. A simple mathe-

matical explanation hasAbeen found.

1. E. Golden and J. H. McGuire, Phys. Rev. Letters 32, 1218 (1974).

(J. H. McGuire)
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10.2 K-Shell Ionization Cross Sections by Proton Impact Using the Single-

. Particle Glauber Approximation.

Despite good agreement between Glauber predictions and experi—

- ment for ionization of atomic hydrogen by electron impact, ilomization . .. . ......

_predictions by proton impéct_lie beneathl observed results. In extending

‘the ‘single patticle“GlEuber calculations to ionization of helium by

proton impact, the Glauber results lie below the data_whiié'Borﬁ“fééulfénw o

were slightly above observations near the peak of the cross section. Ihev
thé continﬁum%”éontributes ;o_;hevobserved results. As Z increases? Ehe:
differences between single particle Glauber and Born K-shell ionization

cross sections decreases as shown in Fig., 1. For Z > 5, relativély lérge
uncertainties arise due to uncertaintiesvin thelmultielectron wave functions,
especially the continuum wave functions. Thus the discrepanéy between
predicfions.and obéervétioﬁ; in neon féken by Ricﬁard et a1.>and in argon

taken by Macdonald et al. may be due to inaccuracies of static rather

than scattering wave functions. = .- - . = "l

1. E. Golden and J. H. McGuire, Phys. Rev. A 12, 80 (1975).

2J. Macek, Phys. Rev. A 1, 235 (1970). ¢

(J. E. Golden and J. H. McGuire)
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10.3 Projectile Charge Dependence of Total Tonization Cross Sections in

Atomic Hydrogen by Proton'aﬁd'Alpha>Péfticie Impact.

Observed deviations from the projectile Ziz charge dependence.

. predicted by the Born approximation may be due to a combination of factors.--

If the projectile charge is sufficiently large, unitarity may provide a

'cOnstraint'gﬁ phé Z1'depéﬁﬁehéé:””éiﬁzéwihe-Glauber approximation‘is ..
-appfdximateiy ﬁﬁitary, while Born is not, the effect of unitarity may
becomgdevigent“ipuppg'grpjectile charge dependence. Computing ionization

T CIQSSﬂSéCtigﬁsfin atomic hydrogen by alpha particle impact and using -

previous réf‘lts for proton impact, we’hgve'plétped_q(?l)/zl?c(l) for .

1 :function of energy shown in Fig. 1. The results suggest that

in some regions the Glauber charge dependence differs significantly from

Z, = 2 as a':

N

that predicted by the Born approximation.

(J. E. Goldén and J. H. McGuire) -
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10.4 Spectral Energy Distributions of‘Ejected Atomic Electrons.

_While the shapes qf the differential cross.seetion, do/dk,
predicted by the Glauber,and-Bgrh ca;cplatipns‘for the ionization of hydro-.
. gen are similar;vthe-normalizatione differ. Recent ohservationsl‘for"'
ionization of hydrogen by proton 1mpact dlffer 1n shape as well as magni— o
htude, w1th both predlctlons,_although the Born results tend to be above
.the data while the Glauber results fall below. Subtracting the Glauber
resulte from the datal leads to a distribution which peaks when the velocity
_:wof the eJected electron roughly matches the Veloc1ty of the prOJectile.

This result supports the suggestlon that charge transfer to the contlnuum L

may be an important scattering mechanism in some regions.
1 , .
J. Park, private communication.

(J. H. McGuire)

10.5 Momentum Transfer Differential Cross Sections for Ionization.

As in atomic excitation, there are very large (i.e. ordersrof
magnitude) differences between -Glauber and Born predictions for the momen-—
tum transfer differential cross section, do/dq. We have computed double-
differential cross sections doz/dkdq for K-shell ioniéation in a variety
of targets by both electron and proton impact in the single particle Glauber

and Born approximations. Since the calculations are done at a large number

~., /
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of values of k, the differential cross section do/dq may be ektracted;h.

(J. H. McGuire)

- 10.6 “Iheorecical‘befinition'of'the”Biuomial Distribution of Single Electron

Ionizariou and E#citarlouﬂgrogabllicles.

Vacancy production in multielectron targets produced by the
impact of‘heavy charged particles has been observed under. a varlety of
condltious, somekof whlch 1nc1ude multlplelexc1tatlon.and 1onizaclon. Most
calculations of absolute cross sections perta1n.to vacancy productlon'in
an effective single electron system and do not explicitly detail the
effects of multiple ionization and excitation. We assume thatcthe total
wave function of a multielectron target and collidlng charged particle

may be written as a product Hartree or uncorrelated Hartree—Fock wave .

4function, and that the kinetlc energy of the projectile is a c-number.

The resulting total wave function may chen“be“expressed_asna prgduct of

slngle electron wave functions each of which. evolves independently in

time. It then follows that the probability amplitude factorizes and simple
counting using unitarity results ln a bfnomial distributibn of single electron
probabilities. Agreement of this approach with observed multiple iohization
data has been established in some regions. Furthermore, this approach may be
used to correlate some observations of the impact parameter dependence of
jonization cross sections to multiple ionization observations. Our present

interest, however, is to define the binomial distribution of probabilities
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and to seek its limitations. It is_not'yet.clear whether such an approach

can be applied to ‘charge transfer, or to multiple ionization of outer
shell electrons by electron impact, or how this approach correlates to

multiple scattering terms contained in the Glauber approximation. -
(J. H. McGuire and L. Weave:) )

10.7 Appiicétion of a Charge”Pairéd”Bofn*ApprOXimatioﬁ‘to'Charge Transfer. -

dver'the paét few years, a computer code has'béen develoﬁed to

éompute charge transfer éroés sections using versions of the first Born
approximation including various amounts of the intgrnuclear interaction.
:It was found1 tﬁat decent agreement with expefiﬁent could be obtained by

‘using just énough.of the interndclear interaction:to_matcﬁ asymptotic
‘j‘Boundéfy conditions. Céiculations using‘this cédé wefe'récently de§eiobed-
to investigate theﬁangular distributibn of the charge transfer cross
sections from the K—éhell of.éggoﬁ by proton impact. These calculations
may be compared to recent observations by Cocke et al. A minimum pre-
dicted by tHe charge paired calculation, but absent in the simpler Brinkman-
Kramers calcuiation, was not observed. vOn the other hand, the cross section
at the larger angles is better represented by the charge paired Borﬁ -
calculation than by the ﬁrinkman—Kramers prediction, which falls off too
~rapidly.
Some preliminary calculations were alsg'done using Brinkman-Kramers

and charge paired Born for charge capture from helium into various excited
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states of +9F. These preliminary results suggést that the two theories

predict different cross sections for capture into various levels. More

definitive (and eXpensive)'chafgé pairéd Born calculations afé'beiﬁg
deferred pendingvstudy of various general aspects of the charge transfer
prbbiem.

lK. Oﬁi&&ar;mjgnE, §§i§gg;rJ,Aﬁ.chGuire, and L. Weaver, to be published.

(J. H, McGuire) =

10.8 Development of a Modified Eikonal. Approximation for Charge Transfer.

An eikonal approximation for charge transfer has at least two
édvantages over Born approximations. First, it includes contributions
ffoﬁ'higher,Bofn‘térms,'which can be dominant at least in the vefy high
energy limit.>'Furtherﬁ§ré, an eikonél.épproéch includes_the relative
phase of the wave functions. This phase can depend on the internuclear
separation, so that in charge transfef, unlike excitation and ionization,
it can,play1 an important role. Both of these effects may contribute to
total cross sections as well as angular distributions. Golden and McGuire
have developed some phase terms in a Glauber-like development. The
differential cross section for ls-ls transitions may be expressed as a
one dimension integral,'and.if the internuclear term is dropped, a closed
form expression results which reduces to the Brinkman-Kramers approximation

as the phase contribution becomes small. Preliminary results for ls-ls
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charge capture, in protons on atomic hydrogen are encouraging. A similar

calculation of 1s-1s capture for protons on argon can be generated with

an effective one-electron picture.

l . . . " . e e e
J. Macek, private communication.

(J. H. McGuire)

" 10.9 DWBA Calculation of Excitation in Atoms and Ions by Charge’Particles&

Cross sections for the excitation and ionization of atoms by

“charged particles are more easily observed than cross sections for the

excitation and ionization of ions by charged particles. Unfortunately,

a rigorous calculation of cross sectlons ion-charged particle scattering

is presently 1acking, except, of course, for scattering of two- charged
particles. An extension of the Born approximation to include 1ong"ranged
Coulomb interactions in the wave functions has ‘been developed By Geltman,1
among others. In this DWBA approximation Golden, Junker and McGuire have‘”

developed a mathematical technique, based on the use of prolate spheriodal

Iy
13

' ' ’ {
coordinates, to compute excitation cross sections. As a Master's thesis
project;, Paul Simony has begun to examine, program, and test this technique .

for excitation in atoms and ions whose wave functions may be approximated

by hydrogenic wave functions.
lg., Geltman, J. Phys. B 4, 1288 (1971).

(J.’H. McGuire)
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10.10 SCA Predictions of 2s-2p Transition Probabilities by Direct Coulomb

Excitation.

'In some scattering processes, such as vacancy production in
hydrogen by the impact of chlorine ions recently observed by Macdohaid,

et al., it isneyidenpgphat,multifstep processes may be important. Further-

. more, the transition of an electron from 2s-2p can alter the fluorescemce ™ ="

’yield and thus the analysis of sgch'dbéervafioﬁé}' AwééléﬁléEiSﬁﬂhéé“béehm
undertaken for the‘25—2p transition probability as a fqnction of”impaggn
’parametér, Zs—Zp energy splitting, pfbjegt}lg energy, pgqjectilg»charge-
Land target charge ugipg the semiclassical Coulomb approxiﬁéfion_(SCA); A
An estimate for 2s-2p excitation in hydrogen by chlorine impacf at N6
‘MeV/amu supborts the coﬁjecture that such excitation occurs with 1afgé

probability.
(J. H. McGuire)

| B
10.11 Development of Born Code Including Coulomb Deflection and Binding

Energy Corrections.’

¢+ .
There have been experimental tests of the theory1 of binding

energy and Coulomb deflection corrections to standard Born calculations
of atomic ionization by charged particle impact carried out by Gray et al.
Some of these observations test the theory in regions where tabulated Born

results are unavailable. A Born code with options to include or exclude

.
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either binding energy or Coulomb deflection corrections has been developed
to support the analysis of(experimental observations.

,1G. Basbas, W. Brandt and R. Laubert, Phys. Rev. A 7, 983 (1973).

(J. H. McGuire) - . - .o

10.12 Role qﬁ“OutenghellS’in Born Cross Sections for K-Shell Ionization

by Charged Particles.‘_

Many standard applications of .the Born approximation to K-shell
vacancy production apply first order éerturbation theory to the inter-
agtioﬁ between a p%ojectile and an atomic target reprééented by a prédﬁct
Qave function. We have shown that these standard Born predictions need

) Lo . .
not be restricted to one-electron ionization, but should be compared to

-

experimental observations summed over all states corresponding to single
' K-vacancy production to include multiple vacancy production in other shells.
These results are applicable to all targets in which the K shell is weakly

perturbed even though the other shells may be strongly perturbed.

(J. H. McGuire and J. R. Macdonald)
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11. SEARCH FOR HEAVY-ION RESONANCES

An investigation wWas made of the 13C + 160 system, The primary

+--aim of this investigation was to determine if there are resonances in this
' L . e o 1, 12 12, e e
system that are similar to those found™ in the ""C + ~C system. Two
exit éﬁéﬁnels-were.investigated: elastic scattering and gamma'rays‘frém““
two different daﬁghtér ﬁtclei.”'DéQpifé the presence of a slight anomaly
in the elastic channels no evidence for correlated structure was discovered.
Thus the conclusion is made that no such structure exists in
this system.
15 12 ‘
Preliminary data for the scattering of ~“N from ""C has been
obtained in the form of elastic scattering and alpha-reaction excitation
curves. These data indicate structure similar to that observed™ in the

scattering of 13C»from 12C.

_}E Almqvist D. A. Bromley, and J. A. Kuehner, Phys. Rev. Lett. 4, 515

(1960), E. Almqv1st, D. A. Bromley, J. A. Kuehner, and B, Whalen, Phys.

o1

o

Rev. 130, 1140 (1963).

2D, J. Crozier and J. C. Legg, Phys. Rev. Lett. 33, 782 (1974).

—

(J. C. Legg, R. Phillips, D. J. Crozier, and E. Dreyer)
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12. LIFETIMES OF LOW-~ENERGY STATES IN 21Ne

Lifetimes of states up to 6-MeV excitation in 21Ne havé been
- measured by Doppler-shift attenuation in the 12C(13C,a)21Ne reaction at
17.4 MeV bombarding erergy.” An o~y coincidence is used to makelthewmeaéufev,

,ments; The lifetimes obtained are not sensitive to nuclear stopping, and

are-smaller than previously accepted values. The data gives support to~ =~ " =~

a Nilsson modél'description for the low—lyiﬁg leﬁéls of ZlNé.'m

- (G. G. Seaman, D. J. Crozier, J. C. Legg,‘éqd K. Q._Shang)_

-
¥
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13. NUCLEAR SCATTERING  AND REACTIONS

13.1 Analog Resonances and Possible T) Mixing in 77Br

The locations and widths of several analog resonances in'7 Br

'irﬁéve been.measured byﬂ76Se(p;p)'and ]6Se(p,p') excitation functions: -

between proton bombarding energies of 3.1 and 4, 5 MeV. 'Compafison of ...

~ resonance spectroscoplc factors to stripping spectroscoplc factors show

poor agreement, but spectroscoplc factor ratios for states of the same
spin and parity show good agreement exceptmforlthe s—-wave resonances.

li'isbsuggested that‘thisldiSagréément may be explained by a mechanism
b% T, mixing between %+ resonances’;

3
PN

i
. G
N

(J. W. Gray and J. C. Legg)

13.2 Systematics of Backward-Angle Elastic Alpha Scattering

ren amd. s

AT

Backward angle (8 > 90°) cross sections for elastic alpha

'scattering from target nuclei 32 § A X 100 in the bombarding energy

range 15 { E § 40 MeV, have been systematically invesiigated using

all available data. A simple quantitative preécription for estimating
the degree of backward enhancement ¢ has been given, and shown to be
strongly correlated with (a,n) and (a,a') Q values and with compound-
nucleus level denéities. This correlation is described in terms of
flux removal from high angular momentum (&) entrance channels Xigl

f-dependent absorption potentials and compound-elastic scattering.

(J. S. Eck, W. J. Thompson, K. A. Eberhard, J. Schiele and W. Trombik)
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13.3 Optical-Model Analysis of N+C and c+C Eléstic Scattering

Additiqnal data and op;ical model caicdlations for 14N f,lzc
elastic scattering which expand and fortify the recent published optical.
model‘analysis;of-N +-C and-C + C elastig'sgattering by Deliél have
been obtéinéd.‘ We have recently measured and analyzed elagtiguscat;ering o
exditatiéﬁ ﬁnnctionsQQf’1&N:+“lgc”$£isix‘EeﬁferQEE—méééwangles'betWeen
.556 and 120° at 14ﬁﬁggggéfainé‘energies between 15.0 and 25.0 MeV
(correspond;ng‘to 6.?%_th§99gh_}1:5mMgV“in the center-of—masé). Four
zvgngg}ﬁgdgiét;ibufiqgg wére measured at center—df?ﬁass energiés‘6.92, 9.23;
9.92, and 10.857Mev,1p_ﬁhé angular range from 6, = 20° to 135°. The main
emphases in our work were threefold: |

1) Search for ény hon—statistical structures in the excitation
functioﬁs, 2) Study the compound contributions to the elastic scattering
croés sections; 3) Perform a detailed optical model analysis for comparison
with fhe fésulfs*of‘the.(pn) elastic transfer process reported byVVon

14

Oertzen2 for = N+ 12C elastic scattering and the results_of the 2-

dependent optical model calculation reported by Robson.

lG. Delic, Phys; Rev. Letters 34, 1468 (1975).

2W. von Oertzen, Proceédings of the Symposium on Heavy-Ion Scattering,

ANL (1971) edited by Siemssen.

3. Robson, ibid.

(J. S. Eck, J. H. Johnson, D. O. Elliott, and W. J. Thompson)
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13.4 Comparison of One and Two-Neutron Transfer near the Coulomb Barrier

18 16 )29 27,..,18 17 28 13 12 )28

for the Al( Al( 0, '0) Al( c,

Reactions

|
|

Total reaction Ccross sections for the transfer: ‘reactions”

18 . 16 )27A1 27A 18 17 )28 and 13 12 )28

Al( 0, Al( c, Al are measured .

1€
for center-of:maee'energies between-lSjandf20‘MeV for 80 projectiies and
betWeen 11 and 17.5 MeV for 13C projectiles. The reaction products, 29Al.
Mepd 28A1, beta decay to 2981 and 28Si, respectively, and the subsequent

Y decays of.zgsi and28Si are_measored.'-Due to-the relativelyvlongifeta
-decey.half>li;ee;voare eré rgkeo;io;eubeam—off_mode, resultingmin very
clean spectra. Total cross sections were calculated and compared with.

- a theoreticai model for barrier penetration prooosed by C. Y. Wong.

; 18 .
Differences between ~ O induced one and two-neutron total transfer reaction ;

cross sections are discussed.

(S. A. Schiller and J. S. Eck)

13.5 The Proton Optical-Model Potential Near the Coulomb Barrier

iz
N

Proton elastic scattering data from 197Au, 208Pb and 209Bi at

energies near the Coulomb barrier are analyzed. The energy dependences
of the real volume and imaginary surface-derivative potential depths VR
and WSF of a local optical-model potential with fixed geometric paremeters

are found to be much more rapid than at higher energies. The strong

3
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energy dependence of VR near the Coulomb barrier is explained in terms of

. the non-locality of the nucleon-nucleus interaction.
(J. S. Eck and W. J. Thompson)

)24N

13.6 Total Cross Sectioms for the'19F(13C,;2C)20F ahd»23Na(l3 12C

Reactions

Total cross sections for the (13C 12C) reactlon on 19F at. -

laboratéfy-eﬁergles of 9 O té 25.0 MeV and on 23Na at energles of IOvS .
to 19.5 MeV were measured by detectlng the’ gamma rays from excited states
and from the decay of the radioactive_ground states. At energles well
below the Coulomb barrier the cross sections‘are_compared with a semi-~
cldassical distérted wave Born approximation calculatioh, and spectroscopic

‘factors are extracted.

(H. Laumer and G. G. Seaman%

13.7 Energy Loss of (ow-Energy 40Ca Ions in Carbon

The energy loss of 40Ca in carbon at less than 335 keV. energy
has been measured by detecting the energy of Doppler-shifted gamma rays
from reéoiling Ca ions. The energy loss mechanism can be suitably des-

cribed as 1.15 and 0.7 times the theoretical values for electronic and

S~
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nuclear stopping.

" (XK. C. Shane, H. Laume¥, and G. G. Seaman)

)
4
Xy
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14. TRACE ELEMENT ANALYSIS
14.1 The Déterminatiéﬁmﬁy X;Ray Observation of Bromine and Zinc Levels

in Untreated Wheét.Flour

The regently_dev?loped method of trace element analysis by’

observation of characteristic x~rays with a lithium-drifted silicon

~ detectdr was used to study levels of heavy .elements in wheat flour.

A 4 MeV proton beam bombarded on the samples was used to produce the

x rays. The various samples obtained from a pilot mill were each found

‘to contain quahtities of zinc at levels of about 2 to 54 parts per million

"and brdmine at levels of 2 tq 14 parts per million. An attempt is made

to correlate these zinc and bromine concentrations to the standard

analyses of ash content and protein level used for flour.

, .

(R. A. Martin, G. G. Seaman, and Arlin Ward)

14.2 Trace-Element Analysis by X-ray Fluorescence with an External R

Proton Beam

Trace elements in samples of wheat flour have been stud%ed by

, o U
proton-induced x-ray fluorescence as discussed in the previous section.
Samples were wafers about one mm thick, prepared by mixing a few drops-

of distilled water with the flour to form a paste, which was then allowed

to dry in air. Under proton bombardment in a vacuum system, a substantial

amount of moisture was driven off, thus adversely affecting the vacuum.
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Although suitable drying procedures were found, an alternative procedure
was sought that would require less preparation. This led to a study of
trace elements in samples in air by use of an external proton beam.

The experiment successfully showed that an external proton beam

" provides an alternate method for studying wet samples to determine the

compoéition of tfé;édeléﬁgﬁﬁs.j The method may prove especially convenient-
for certain samples prepared from 1iqUids,vsuchfas,bio§dgi.Sé@plggghéﬁgi@g;h
and sample_preparation are much more éasily handled than for samples

placed in a vacuum system. Also, samples will cool more readily than in "~

- a vacuum, thus reducing heating problems. Furfher experiments with exit

" foils may yield a better choice than mylar or Ni, but these two ha?éibéeﬁ

shown to be acceptable at the low currents needed.

(G, G. Seaman and K. C. Shane)

Sz
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