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- EDITORIAL -

Why a new Conference ?

A new generation of heavy ion accelerators is now available, which provides

all ions in an energy range up to GeV/u at various laboratories in the world. In the

past decade, UNILAC-Darmstadt and GANIL-Caen have been european centers of

basic heavy ion research in nuclear, atomic and solid state physics. It is natural

for GSI and CIRIL/GANIL to take the initiative in organizing this Symposium on

"Swift Heavy Ions in Matter". This new regular forum will offer to atomic and

solid state physicists the opportunity of exchanging their recent findings and

results.

It has been more and more recognized that highly stripped heavy ions, these

entities which are neither atoms nor bare nuclei, are double-faced. One face looks

towards nuclear physics, but the other is directed towards atomic physics. As

there is nuclear matter beyond nuclear physics, we find atomic matter or solid

state physics when we look at the other face behind atomic physics. As nuclear

physics is bound by nuclear matter and the quark-gluon plasma, touching its

fringes in hadron and elementary particle physics, atomic physics with heavy ions

moves more and more towards the interface with solid state physics, touching also

its fringes in plasma physics and biology. We have initiated "SHIM" in order to

evidence the second face of heavy ion research at the interplay between atomic

and solid state physics. The scope of the Symposium includes the fundamental

aspects of heavy ion excitation and charge exchange, energy loss, energy

dissipation and relaxation in solids, channeling and coherent effects in crystals, ion

induced modifications of materials.

We hope that the mixing of the two communities will stimulate the cross

fertilization of ideas and will be of equal and great interest for atomic and solid

state physicists. If our wishes are fulfilled, we intend to organize SHIM-92 in

West Germany.

P. Armbruster J-C. Jousset J. Remftlieux
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Tuesday, May 16, 1989

9:00 -11.00 : REG ISTRATION

11:00: OPENING ADDRESSES
JOUSSET J.C Director of CIRIL
GARREC R. Chairman of the Conseil Régional de Basse-Normandie
REMILLIEUX J. Chairman of the Scientific Committee

12:30 Lunch

14:00-16:00 SESSIONA page

14.00 - Al - ENERGY DEPOSITION BY ENERGETIC HEAVY-IONS IN 3
MATTER (invited)

OLSON R.E.
GSI-D-6100 Darmstadt 11, FRG; Physics Department, Univ. of Missouri-RoIIa, MO 65401. USA

15:00 -A2 - ON THE SLOWING DOWN OF HEAVY IONS UP TO THE 9
GeV/u ENERGY RANGE (invited)
GEISSEL H.. LENNARD W.N.*, ARMBRVSTER P.
GSI1 D-6100 Darmstadt, FRG ; * Department of Physics, the University of Western Ontario, London,
CANADA N6A3K7

15:30 - A3 - INTERACTION OF 20-100 MeV/u HEAVY IONS WITH 15
SOLIDS AND GASES
BIMBOT R.(l), GAUVlN H.(l), HERAULT J. (1), ANNE R.(2), BASTIN G.(3),
HUBERT F.(4)
(l)Institut de Physique Nucléaire, - 91406 Orsay FRANCE (2) GANIL, BP 5027 , 14021 Caen
FRANCEO) CSNSM, BP 1,91406 Orsay FRANCE (4) CENBG, Le Haut Vigneau, 33170 Gradifnan
FRANCE

16:00-16:30 Break

16:30-18:30 SESSION B

16:30 - Bl- DEFECT FORMATION IN INSULATORS UNDER DENSE 2 1
ELECTRONIC EXCITATION (invited)
ITOH N.
Department of Physics, Faculty of Science, Nagoya University, Furocho, Nagoya 464-01 JAPAN

17:30 - B2 - STRUCTURE AND DIFFUSION PROPERTIES OF 27
LATENT ION TRACKS (invited)
SPOHR /?.. ALBRECHT D., ARMBRUSTER P., SCHAUPERT K.
GSI, D-6100 Darmstad, FRG

18:00 - B3 - HIGH ENERGY HEAVY IONS MODIFICATIONS OF PVDF 33
DURAUD JP*. LE MOEL A*, BALANZAT £**, ZUPPIROUL***
*DLPC/SPCM/SES CEN/SACLAY 91191 Gif sur Yvette FRANCE;
** CIRÏL/GANIL BP 5133 14040 Caen Cedex FRANCE; *** Laboratoire des Solides Imdiés, Ecole
Polytechnique 91128 Palaiseau FRANCE

19:00 Cocktail at City -Hall



Wednesday, May 17, 1989

9:00-10:30 SESSION C

9:00 - Cl - RESONANT TRANSFER AND EXCITATION IN SWIFT 37
HEAVY FEW-ELECTRON PROJECTILES (invited)
MOKLER P.H.(1), REUSCH S.(1),TÔHLKER Th.(l),SCHUCH R.(2),
SCHULZ M.(2), WWTERMEYER G.(2), STACHURA Z.(3), WARCZAK(3),
MULLER A.(4), AWAYA Y.(4),KAMBARA T. (S)
(1) CSI, P.O. Box 110SS2, D-6100 Darmstadt, FRG;(2) Phys. Inst., University of Heidelberg, FRG; (3)
Univ. and Inst. for Nuclear Physics, Cracow, POLAND ; (4) Strahlenzentnim, Univ. of Giessen, FRG
;(5) RIKEN, Waho-Shi, JAPAN

9:30 - C2 • DOUBLE DIFFERENTIAL STOPPING POWERS OF 43
1.4 MeV/U U33+ IN Ne AND Ar DERIVED FROM ELECTRON
PRODUCTION AND MULTIPLE IONIZATION CROSS SECTIONS
RAMM U*, EULER /.*, KELBCH C*, KELBCH S*, KOCH R*.
KRAFT G**, OLSON R.E***, ULLRICH J*, SCHMIDT-BUCKING H*
* Institut far Kcrnphysik, University Frankfurt, FRG ; *• GSI, Darmstadt, FRG ;*** University of
Missouri-Rolla, Rolla. Missouri 65401 USA

10 :00 - C3 - EXPERIMENTAL INVESTIGATION OF BEAM-PLASMA 47
INTERACTIONS ENHANCED STOPPING POWER - PLASMA LENS
EFFECT
GARDES D.(l), BIMBOT R. (1), DUMAIL M(I), KUBICA BJl)JtICHARD A. (1),
RIVET M.F.(1), SERVAJEAN A.(l), FLEURIER C. (2), SANBA A.(2), HONG
D.(2), DEUTSCH C.(3), MAYNARD G.(3), HOFFMANN D.H Ji. (4), WEYRICHK.
(4), DIETRICH K.G. (4)
(1) Institut de Physique Nucléaire 91406 ORSAY FRANCE ; (2) GREMI, CNRS Université d'Orléans,
4S067 Orléans FRANCE ;(3) Laboratoire de Physique des Gaz et des Plasmas, Université Paris-Sud 91405
Orsay - FRANCE ;(4) MPQ-Garching and GSI, Postfach 110552, D-6100 Darmstadt FRG

10:30-11:00 Break

11:00-12:15 SESSION D

11:00 - Dl -LATENT TRACKS IN MAGNETIC INSULATORS (invited) 55
STUDER F.. HOUPERT C, GROULTD., TOULEMONDEM*
CRISMAT, ISMRa (U.A. 1318), 14032 Caen Cedex, FRANCE ;* CIRIL, BP 5133 , 14040 CAEN
Cedex, FRANCE

11:30 - D2 -INFLUENCE OF ION IRRADIATION INDUCED DEFECTS 61
ON THE INCOMMENSURATE FERROELECTRIC PHASE
TRANSITIONS IN Rb2ZnCU AND Rb2ZnBr4
SCHMIRGELD L.*, de BENYACAR MAJi., G. CARRAU, CEVA H., LANZA H.
Division Fisica del Solido, Departamento de Fisica, C.N.E.A., Avda. del Libertador 8250,1429, Buenos
Aires, ARGENTINA; * present address: Laboratoire des Solides Irradiés, Ecole Polytechnique 91128
Palaiseau FRANCE



11:45 -D3 - HIGH ENERGY HEAVY ION IRRADIATION OF SEMI- 6 5
CONDUCTOR : TRANSIENT ELECTRONIC PHENOMENA AND
DEFECT PRODUCTION
Presented by PATIN Y. : CEA, Service PTN, N°12, Bruyèrcs-Lc-Chatcl FRANCE. In collaboration
with the following laboratories : LERMAT, ISMRa, Caen FRANCE {Laboratoire de Métallurgie
Physique, Poitiers FRANCE; ClRIL. Caen, FRANCE; Ecole Polytechnique LSI Palaiscau, FRANCE

12:15-13:45 Lunch

13:45 -15:45 POSTER SESSION

15:45 -16:45 SESSION E

15:45 - El - ATOMIC EXCITATION BY CHARGE EXCHANGE OF 69
HEAVY IONS IN GAS AND SOLIDS
CHETIOU! A.. WOHRER K., ROZET J.P., STEPHAN C, BEN SALAH F., TOUATl
A., POUTIS M.F., VERNHET D.
Institut Curie, Section de physique et chimie !University P. A M. Curie 75231 Paris Cedex OS, URA
CNRS 1379 FRANCE

16:15 - E2 - HEAVY ION CHANNELING IN CRYSTALS (invited) 73
POIZAT J.C.(I}, ANDRIAMONJE S.(2), ANNE R.(3),
DE CASTRO-FARIA N.V.(I), CHEVALIER M.(l), COHEN C.(4), DURAL J.(5),
FARIZON-MAZUY B.(l), GAILLARD MJ.(1), GENRE R.(I), HAGE-AU M.(6),
KIRSCH R. (I), L'HOIR A.(4), MORY J.(7), MOUUN J.(4), QUERE Y.(7),
REMILUEUX JJ(I), SCHMAUS D.(4) and TOULEMONDE M.(5).
(l)dnstitut dc Physique Nucléaire de Lyon and IN2P3 -Université Lyon 1 - 69622 Villeurbanne Cede*,
FRANCE; (2) Centre d'Etudes Nucléaires de Bordeaux and IN2P3 - 33170 Gradignan, FRANCE; (3)
GANIL(IN2P3), 14021 Cacn Cedex, FRANCE; (4) Groupe de Physique des Solides de l'Ecole Normale
Supérieure - 75251 Paris Cedex 05 , FRANCE; (5) CIRlL1 Centre Interdisciplinaire de Recherches avec
les Ions Lourds, 14040 Caen, Cedex, FRANCE
(6) Groupe de Physique Appliquée aux Semiconducteurs, Centre de Recherches Nucléaires (and IN2P3)
67037 Strasbourg Cedex , FRANCE; (7) Laboratoire des Solides Irradiés, 91128 Palaiseau Cedex,
FRANCE

16:45 -17:15 Break

17:15-19:15 SESSION F

17:15 -Fl - A THEORETICAL APPROACH OF STRUCTURAL 8 1
MODIFICATIONS INDUCED BY ION IRRADIATIONS
MARTIN G., BELLON P;*
CEN- SACLAY, Département de Technologie, SRMP, 91191 Gif-sur Yvette Cedex ,FRANCE;
•CNRS-CECM 15 rue G. Urbain 94407 Vitry Cedex FRANCE

17:45- F2-ION-BEAM-INDUCED PLASTIC DEFORMATION : 83
A UNIVERSAL PHENOMENON IN GLASSES (invited)
KLAUMÙNZER S.
Hahn-McitncMnstitut, Postfach 390128, D-IOOO Berlin 39, FRG



18:15 - F3 - NEW MEASUREMENTS OF THE MEAN EQUILIBRIUM 89
CHARGE OF MeV/u HEAVY IONS INSIDE THE COLD MATTER WITH
THE H+ EMISSION PROBE
BRUNELLE A.. DELIA - NRGRA S.. DEPAUW J., JORET H., LE BEYEC Y.,
WlEN K*
Institut de Physique Nucléaire, 91406 Orsay , FRANCE; * Institut fur Kcrnphysik, Technische
Hochschule, D-6100 Darmstadt FRG

18:45 - F4- STATUS OF THE THEORY OF MeV-ION ELECTRONIC 93
STOPPING INDUCED DESORPTION
HlLF E.R., RAMMER HF., NITZSCHMANN B.
Department of Physics, University of Oldenbourg, P.O.B. 2503, D-2900 Oldenbourg FRG

20:00 Reception : Conseil Régional de Basse-Normandie
in the Abbaye aux Dames. Concert. Buffet



Thursday, May 18, 1989

9:00-10:30 SESSION G

9:00 - G1 - STRONG-FIELD QUANTUM-ELECTRODYNAMIC 97
PROCESSES IN ALIGNED CRYSTALS (invited)
CUEN
Department of Physics, The University at Albany (SUNY/ Albany), Albany, New-York 12222, USA

10:00 - G2 -RESONANT DIELECTRONIC EXCITATION IN 101
CRYSTAL CHANNELS
DATZ S., VANE CR., DlTTNER P.F., GIESE J.P., GOMEZ DEL CAMPO J.,
JONES N.L., KRAUSE H.F., MILLER PJ)., SCHULZ M., SCHONE H.. ROSSEEL
T.M.
Oak Ridge National Laboratory, Oak Ridge, Tennesiee 37831-6377 USA

10:30-11:00 Break

11:00-13:00 SESSION H

11:00 • Hl • ELECTRONIC ENERGY LOSS INDUCED EFFECTS IN 107
ELECTRICAL CONDUCTORS (invited)
BALANZAT E.
CIRIL, rue Claude Bloch. BP 5133,14040 Caen Cedex FRANCE

11:30 - H2 -MAGNETIC BEHAVIOUR OF ISOLATED IMPURITIES IN 113
METALS STUDIED WITH THE PAD-METHOD
BERTSCHAT H.H., BIEDERMANN K., HAAS H., KOWALUK R., MAHNKE
H.E.MÛLLER W, SEEGER S., SPELLMEYER B., ZEITZ WD.
Hahn-Meitner-Institut, Postfach 390128, D-1000 Berlin 39, FRG

11:50 - H3 - E L E C T R O N I C ENERGY LOSS-INDUCED EFFECTS IN 1 1 7
F e 8 5 B i 5 AMORPHOUS ALLOYS IRRADIATED BY HIGH ENERGY
HEAVY IONS
AUDOUARD A. (1), BALANZAT E.(2), JOUSSET J.C.(2), FUCHS G.(3),
LESUEUR D.(4)THOME L.(S\
(1) Laboratoire de Physique du Solide, Université de Nancy I, BP 239, Vandoeuvre-lès-Nancy FRANCE;
(2) CIRIL , rue Claude Bloch, BP 5133, 14040 Caen, FRANCE; (3) Département de Physique des
Matériaux, Université Claude Bernard, Bd du 11 Novembre 1918,69622 Villeurbanne FRANCE; (4)
Laboratoire des Solides Irradiés, Ecole Polytechnique, 91128 Palaiseau Cedex, FRANCE; (5) Centre de
Spectroméuie Nucléaire et de Spectrométrie de Masse, Bat 108,91405 Orsay FRANCE



12:10 - H4 - THE CONTRIBUTION OF ELECTRONIC ENERGY 121
LOSSES TO RADIATION DAMAGE IN METALLIC MATERIALS
Presented by DUNLOP A.:
CECM 15 rue Georges Urbain 94400 Vitry-sur-Seine FRANCE; CIRIL, BP 5133 -14040 Caen Cedex
FRANCE; CSNSM, Bât/108 BP 1,91406 Orsay FRANCE; Département de Physique des Matériaux,
Univ. Claude Bernard, 69622 Villeurbanne Cedex FRANCE; Laboratoire de Physique du Solide, BP 239,
54506 Vandoeuvre-lès-Nancy Cedex FRANCE; Laboratoire des Solides Irradies, Ecole Polytechnique,
91128 Palaiseau Cedex FRANCE; SRMP, CEN Saclay, 91191 Gif-sur-Yvette Cedex FRANCE

12:30 - H5 - IRRADIATION OF PURE GALLIUM BY Xe IONS 125
(3.5 GeV)
PAUMIER £.**, BODGANSKI P**, DURAL /.*, GIRARD J-P** TOULEMONDE
M*
* CIRIL, BP 5133 ,14040 Caen Cedex, FRANCE; *• LERMAT, URA 1317, ISMRa-Université. 14032
Cacn Cedex, FRANCE

12:50-14:20 Lunch

14:20-16:30 POSTER SESSION

16:00-16:30 Break

16:30-19:00 Visit of GANIL

20:00 Conference Dinner at 11Ia salle de l'Echiquier" in
the Chateau "Guillaume le Conquérant".



Friday, May 19, 1989

9:00-10:30 SESSION I

9:00 -1!-ELECTRON EMISSION FROM HEAVY ION PENETRATION 131
THROUGH SOLIDS (invited)
GROENEVELD K.O.:
Institut fQr Kernphysik dcr J.W.Goethe UniversiUU,D 6000 Frankfurt/M 90 , FRG

9:30 - 1 2 - CHARGE STATE EVOLUTION AND CONVOY ELECTRON 137
PRODUCTION IN ION SOLID INTERACTION
SCHRAMM R., OSWALD W., BETZ HD. :
Sekiion Physik, University MUncben 8046 Garching FRG

! 0:00 -13 - EXPERIMENTAL AND THEORETICAL STUDY OF TWO 141
CENTER ELECTRON EMISSION IN 25 MeV/u M<° + He COLLISIONS
STOLTERFOHTN. (ae), SCHNEIDER D. (a), TANlSJ. (a), ALTEVOGTH. (a),
SALIN A. (b), FAINSTEIN P.D.(c), RIVAROLA R. (c), GRANDIN JJ*.(d),
SCHEURER JJ*.(e), ANDRIAMONJE S.(e), BERTAULT D.(e), CHEMIN J$.{e)
(a) Hahn-Meitner -Institut Berlin, Glienickcr Str. 100, D-1000 Beriin 39 FRG
(b) Laboratoire des Collisions Atomiques, Université de Bordeaux 1,33405 Talence FRANCE ; (c)
Universidad Nacional de Rosario, Instituto de Fisica, 2000 Rourio, ARGENTINA ; (d) Centre
Interdisciplinaire de Recherche avec les Ions Lourds, CIRIL, Caen, FRANCE ; (e) Centre d'Etudes
Nucléaires de Bordeaux-Gradignan 33170 Gradignan FRANCE

10:30-11:00 Break

11:00-12:30 Round Table organized by P.Armbruster and Conclusion



POSTERS



page

Pl -INVESTIGATION O F QUASIMOLECULAR - AND K - X - RAY 1 4 5
PRODUCTION IN CLOSE COLLISIONS OF H • LIKE Kr IONS
ON M o
WINTERMEYER G., DANGENDORF V*. GABR M., KAMBARA T**,
MOKLER P.***,REUSCH S***, SCHMIDTBÔCKING H*. SCHUCH R****,
TSERRUYA /.*****
Physikalischcs Institut der Univcrsitat Heidelberg, 6900 Heidelberg, FRG; * Institut fur Kernphysik
dcr Univcrsitat Frankfurt, 6000 Frankfurt, FRG; ** Atomic Processes Lab., Rinken, Wako Saiiama
351 01 JAPAN; •••Gescllschaft fUr Schwerionenforschung, 6100 Darmstadt, FRG; •••* Manne
Sicgbahn Institute of Physics, 10405 Stockholm, SWEDEN
***** Nuclear Physics Department, Weizmann Inst of Science, ISRAEL

P2 -Zp POPULATIONS OF HIGHLY CHARGED KRYPTON IONS IN 149
CARBON FOILS
DENIS A., DESESQUELLES J., MARTIN S.
Laboratoire de Spectrométrie Ionique et Moléculaire, Université Lyon 1,43 Bd du 11 Novembre 1918
- 69622 Villeurbanne Cedex FRANCE

P3 - MULTIPLE IONIZATION OF RARE GASES TARGET ATOMS 153
BY 27 MeV/amu Xe 52+ and 35 MeV/amu K2 36+ ions
HENNECART D*, HUSSON X*, LECLER D.*, LESTEVEN VAlSSE /.*
GRANDINJP**
* Laboratoire de Spectroscopic Atomique associé au CNRS n°19 ISMRa 14032 Caen cedex
FRANCE** ;CIRIL rue Claude Bloch BP 5133,14040 Caen cedex FRANCE

P4 - KINETICS OF MULTICHARGED RECOIL IONS PRODUCED IN 157
SWIFT HEAVY ION ATOM COLLISIONS
GRANDIN J.P*, HENNECART D**, HUSSON X**, LECLER D**,
LESTEVEN VAISSE /.**
* CIRIL rue Claude Bloch, BP 5133,14040 Caen cedex FRANCE; ** Laboratoire de Spectrométrie
Atomique associé au CNRS n° 19 ISMRa 14032 Caen FRANCE

P5 - C O I N C I D E N T C O N V O Y E L E C T R O N P R O D U C T I O N A N D 1 6 1
T R A N S P O R T I N T H I N S O L I D S
KEMMLER J., HEIL O., KELLER N., KOSCHAR P., ROTHARD H.,
KRONEBERGER K., SELLIN IA.*, GROENEVELD K.O.
Institut fur Kernphysik der J.W. Goethe Université, D-6000 Frankfurt/M FRG;* University of
Tennessee, Cakridge National Laboratory. Oakridge - USA

P6 - R A N G E A N D E N E R G Y LOSS O F U L T R A H E A V Y I O N S I N 165
SOLID STATE NUCLEAR TRACK DETECTORS
DOMINGO C, BAIXERAS C, FERNANDEZ F., VIDAL-QUADRAS A.
Servei de Fisica de les Radiacions, Département de Fisica, Universitat Autonoma de Barcelona, E
08193 Bellaterra-Barcelona SPAIN

P7 - NON EQUILIBRIUM IONIZATION STATE OF SWIFT HEAVY 169
IONS IN DENSE MATTER
MAYNARD G., DEUTSCH C.
Laboratoire de Physique des Gaz et des Plasmas, Université Paris X I , Bat 212, 91405 Orsay
FRANCE



P8- RAPID CALCULATIONS OF HIGH ENERGY RANGE 173
DISTRIBUTIONS
BlERSACK J.P.
Hahn • Mcitner - Institut Berlin, Glienicker Strasse 100,1000 Berlin 39, FRG

P9 - INELASTIC COLLISIONS AND THEIR EFFECTS ON STOPPING 175
RANGES, AND MULTIPLE SCATTERING OF HEAVY IONS
BlERSACK J.P.
Hahn - Mcitncr - Institut Berlin, Glienicker Strasse 100,1000 Berlin 39, FRG

PlO - SEMI-EMPIRICAL FORMULA FOR HEAVY ION STOPPING 177
POWERS IN SOLID IN THE INTERMEDIATE ENERGY RANGE
HUBERT F*, BlMBOT R.**f GAUVlN H**;
*CEN Bordeaux-IN2P3 Le Haut Vigneau, 33170 Gradignan FRANCE; ** IPN Orsay, BP191406
Orsay FRANCE

PIl - EXPERIMENTAL ASPECTS OF S.H.I.C. (Swift Heavy Iw 181
Channeling)
ANDRIAMONJE S.(I)1 ANNE R. (2), de CASTRO FARIA N.V.(3).
CHEVALLIER M. (3), COHEN C.(4), DURAL J.(S), GAILLARD MJ. (3),
GENRE R. (3), HAGE-ALI M. (6), L'HOIR A.(4),FARIZON-MAZUY B (3),
MORY J. (7), MOULIN J.(4), POIZAT J.C. (3), QUERE Y.(7), REMILUEUX
J.(3), SCHMAUS D. (4), TOULEMONDE M. (5)
(1) CEN 33170 Gradignan FRANCE; (2) GANIL 14021 Caen FRANCE ; (3) IPN 69622
Villeurbanne FRANCE; (4) GPS ENS Université 7S231 Paris FRANCE; (S) CIRIL 14040 Caen
FRANCE; (6) PHASE , CEN 67037 Strasbourg FRANCE; (7) L.S.I. Ecole Polytechnique 91128
Palaiseau FRANCE

P12-ENERGY LOSS OF CHANNELED IONS : THE CASE OF VERY 185
THIN CRYSTALS
NESKOVIC N., CIRIC D.
Boris Kidric Institute of Nuclear Sciences, P.O. Box 522,11001 Belgrade, YUGOSLAVIA

P13 - RADIATIVE ELECTRON CAPTURE BY BARE- AND ONE- 187
ELECTRON IONS CHANNELED IN SILICON CRYSTALS
VANE CR., DATZ S., DITTNER P.F., GIESE J.P., KRAUSE H.F., MILLER
P.D..JONES N.L., SCHONE H., SCHULZ M. , ROSSEEL TM., PETERSON
R.S.
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6377 USA

P14 - THE CHANNELING OF SCATTERED RECOILS IN A SILICON 191
SINGLE CRYSTAL
KARAMYAN S.A.
Joint Institute for Nuclear Research, Dubna, USSR



P15 - STRONG DYNAMIC PERTURBATIONS OF TRANSIENT 193
MAGNETIC FIELDS IN FERROMAGNETIC Fe AND Gd UNDER
HEAVY ION BOMBARDMENT
SPEIDEL KH*. KNOPP M. *, CUB J. * , KARLE W. *, REUTER U. **,
SIMONlS HJ**, HAGELBERG F.**, GERBER /.***, TANDON PIf.****
* Technischc Univcrsitat Mttnchcn, 8046 Garching, FRG; •* Institut fiir Strahlen- und Kemphysik,
Univcrsitat Bonn, 5300 Bonn, FRG; ***Centre de Recherches Nucléaires, F-67037 Strasbourg,
FRANCE; •*** Tata Institute of Fundamental Research, Bombay 400 005 INDIA

P16 - HYDROGEN CLUSTER EMISSION UNDER " S 197
BOMBARDMENT AT ENERGIES LARGER THAN 1 MeV/A
RlGGl F.
Dipartimento di Fisica, Universita di Catania,; INFN, Sezione di Catania, ITALY

P17 - DETECTOR RESPONSE TO SWIFT HEAVY IONS 201
KATZ R.
University of Nebraska, Lincoln NE 68588-0111 USA

PIg - CHARACTERIZATION OF GRAFTING INTO ENERGETIC 205
HEAVY IONS TRACKS
BETZ N*, DURAUD J.P.*. LE MOEL A*, BALANZAT E**
•IRDI/DESICP/DLPC. CEA/CEN Saclay, 91191 Gif sur Yvette Cedex, FRANCE
** CIRIL BP 5133, rue Claude Bloch, 14040 Caen Cedex, FRANCE

P19 - SURFACE MODIFICATIONS OF CRYSTALLINE Al2O? AND 209
SiO2INDUCED BY ENERGETIC HEAVY IONS
JOLLET F., DURAUD J.P.
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ENERGY DEPOSITION BY ENERGETIC HEAVY-IONS IN MATTER

R. E. Olson

Gesellschaft fur Schwerionenforschung (GSI), D-6100 Darmstadt 11, FRG
and

Physics Department, University of Missouri-Rolla, RoIIa, MO 65401. USA

A direct calculation of heavy-ion stopping powers has not been possible until the
development of the nobody Classical Trajectory Monte-Carlo (nCTMC) method1. This
theoretical procedure explicitly follows the motion of the projectile ion, target nucleus,
and target electrons through an ensemble of scattering events. It provides, for the first
time, a method for simultaneously determining the angular distributions and energies
of the recoil target ion, the projectile ion, and the ejected electrons. Post collision
interactions are included in the method, along with the coupling between electronic
and nuclear degrees of freedom.

Until now, our efforts have been concentrated on ion-rare gas atom collisions.
due to the availably of atomic physics data to benchmark theoretical results. The
general reaction of interest is given by:

A°.+ + B - A^-J)+ + B i + + (i-j)e',

where it is essential to be able to describe the n-body nature of the collision.
Considerable atomic physics data exists for uranium ions (32 £ q £ 92) colliding

with rare gas atoms at energies from 1.4 MeV/u to 420 MeV/u. Within the last two
years. nCTMC calculations have been checked and confirmed by comparisons against
experimental data for total multiple ionization cross sections^, energy deposition to the
target ion"*, angular scattering of the heavy nuclei4, energy and angular spectra of the
ionized S-electrons5, and projectile energy loss6, Work also has been begun on bi-
ological systems in order to provide an understanding of the damage induced to cells
under energetic, heavy-ion irradiation'.

Important in the theoretical prediction of energy deposition is that the calcu-
lations provide the branching of the projectile energy to its components such as
6-electron kinetic energies and angular spectra, ionization of the target atom, nuclear
recoil, electron capture, and electronic excitation. Energy straggling is also computed.
The impact parameter dependence of the various collision processes can be investi-
gated, thus, leading to a more quantitative description of the energy loss mechanisms.

In order to test the nCTMC method over a wide range of scattering conditions,
including interactions of ions with solids, stopping powers have been calculated for
argon ions colliding with C, Ne, Si, and Ar over the energy range from 1 MeV/u to 100
Mev/u: The results are presented in Fig. 1 along with comparisons to tabulated
values^"10. In general, the agreement is within 10%, except for the carbon system
where at high energies theory underestimates the energy deposition. Such a trend
was expected from comparisons to atomic physics data, where for light targets such
as helium, the neglect of including quantum tunneling in the classical calculations
leads to an underestimation of the cross sections. However, heavy atom targets such
as Ar appear to be well-described' up to a near relativistic energy of 420 MeWu.

Because of current experimental interest11, a concentrated study on the 25
MeV/u X e 5 3 + + Si system has been made under both random and hyper-channeling
collision conditions. For hyper-channeling, we have assumed the xenon ion is re-
stricted12 to collisions within an impact parameter range of 1.5 to 2.5 A. The stopping
power results are summarized in Table i. One finding is that under random collision
conditions, charge exchange and electron stripping of the projectile will be significant.
However, from an investigation of the impact parameter dependence of the collision





In summary, atomic physics experiments and calculations are rapidly approach-
ing maturity in their ability to be applied to energetic, heavy-ions passing through sol-
ids. Important, is that collaborations between atomic, biological, and solid-state
physicists will rapidly lead to an enhanced understanding of energy deposition mech-
anisms within dense matter during the passage of an energetic heavy-ion.
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Figures

Fig. 1: Calculated stopping powers for
argon ions on C, Ne, Si, and Ar. The
nCTMC results are given by the sym-
bols, while tabulated values from
Northcliffe and Schilling**, Ziegler®, and
Hubert et al. are given by the dashed
lines.
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Fig. 2: Stopping power for 25 MeV/u
Xe53+ + si differential in impact pa-

rameter.
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Fig. 3: Single-charge exchange cross
sections for 25 MeWu Xe 5 3 + + Si to
specific n-principle quantum numbers
of the Xe ion.
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Fig. 5: Projectile electron stripping
cross sections for 25 MeV/u Xe5** + (n)
+ Si for principle quantum numbers
from n = 1 to n=10.
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Fig. 6: Projectile electron stripping
transition probabilties for 25 MeWu
Xe 5 3 + (n) + Si as a function of impact
parameter and principle quantum
numbers n=* 1, 2, 4, 6, and 10.

t
I

f

t

W*
»
%

%

i

•

»,

\ . \ *

\

• '

;

\

• • ,

4 î ^ H

i
• t ; .

U I

Fig. >: Charge exchange angular differ-
ential cross sections for 25 MeV/u
X e 53+ + Si>

MMUUUUWUMWn



A2

ON THE SLOWING DOWN OF HEAVY IONS UP TO THE GeVIu ENERGY RANGE

H. Goissel, W. N. Lennard1, and P. Armbruster

Gesellschaft fur Schwerionenforschung. GSI, D-61 Darmstadt, FRG
"* Département of Physics.The University of Western Ontario, London. Canada N6A 3K7

I. Theoretical concept of heavy-ion stopping
Energetic heavy ions in penetrating through a target lose energy via the

electromagnetic interaction in elastic and inelastic collisions. Radiative energy losses
(Bremstrahlung. Cerenkov radiation) are negligible for heavy ions (Z1 > 2) in the energy
region discussed in this contribution. At low energies the nuclear cross sections are
in general much smaller than the atomic ones, but at rolativistic energies (above se-
veral hundred MeWu), the mean free path length for nuclear reactions is in the or-
der of the corresponding ranges, i. e., a large fraction of the incident heavy-ion beam
undergoes nuclear reactions before the particles are completely stopped, see below.
In this part of the talk, basic definitions of stopping power, straggling and ranges are
given together with the corresponding theoretical descriptions in the different energy
regions. Charateristics and difficulties for the description of heavy-ion interaction are
outlined[1]. Furthermore, the stopping dependence on the target properties, e.g., the
atomic number, the density, the temperature, and the crystal structure of the medium
is presented.
II. Experimental requirements for stopping measurements

Most data on the stopping of heavy ions are derived from transmission exper-
iments, where the energy loss of the ions after penetrating through the stopping me-
dium is measured within a small acceptance angle of the detector system. The
restricted acceptance angle can influence the data interpretation significantly. Sys-
tematic energy-angle distributions have been measured for heavy projectiles (9
^ Z 1 <92) incident on thin amorphous carbon foils in the velocity region (0.4 < V/VQ
<1), see fig. 1[1]. These results resolved several problems of interpreting energy-
loss data for non-zero emergent angles presented in the literature.

The determination of the mean thickness of thin self-supporting stopping targets
is mainly done by two methods: 1) A well defined area is weighed on a micro
balance 2) energy-loss measurements with light ions (H.He) using the corre-
sponding stopping-power tables. The obtained accuracy ranges from 0,1% to 5% de-
pending on the thickness. Backscattering and X-ray fluorescence analysis were used
for our targets to measure chemical impurities. We resolved recently the technical
problem to determine the thickness variations of solid targets with a new laser-
interferometry technique.
III. Experimental results compared with theory

For partially stripped projectiles, the measured stopping powers show a pro-
nounced Zi-structure, i.e., deviations from a smooth monotonie function, in the same
material at fixed velocity. This Z^-dependence is reminiscent of the atomic shell-
structure of the projectile. Recently, we have measured the specific energy loss for
23 projectiles (9 <; Z^ <92) in amorphous carbon targets at low velocity, v < vg, see
fig.2 [2]. Analogous to the Z^-structure, we found for heavy ions a Z2-structure,
which is most pronounced at low-velocities, where most of the energy loss is
transfered to the electrons in the outer atomic shells. Our experimental results dem-
onstrate that these so-called Zg-oscillations in the stopping power are also dependent
on Z^, indicating a basic limitation for heavy ion scaling procedures from light-ion data
at same velocity, see fig.3 [1].

In systematic stopping measurements, we found for partially stripped ions that
the stopping power in gases is up to 20% lower than in solids (see fig.4 [ I ] ) . This
characteristic gas-solid effect was confirmed recently by Bimbot et al. using a different
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experimental method. The experimental results on the density dependence of stop-
ping for partially ionized projectiles are in agreement with the model of Bohr and
Lindhard[3].

The charge exchange and excitation cross section also depend on the ionization
state of the target material, i.e., the stopping of heavy ions in plasma was predicted to
be roughly a factor of two larger than in cold matter. This interesting phenomenon.
relevant for the concept of heavy ion induced inertial-confinement fusion, was recently
confirmed for heavy ions in experiments at Orsay and Darmstadt[4.5].

Experimental results on the energy straggling of heavy ions are very rare and
additionally complicated by a high sensitivity to target thickness nonuniformities.
Stopping measurements for low-energy ions (16 KeV/u) in amorphous carbon foils
showed a strong correlation between straggling and inner-shell excitation[6]. Both
energy straggling and Auger election yield data have the same Z ̂ -dependence in
carbon and revealed a pronouced maximum in the same region (Z-j = 14), which is
quite different from the observed Z^-oscillation of the electronic stopping power at
same velocity, see fig. 5 [6].

Energy straggling data for heavy ions (18 ^ Z^ < 92) at (0.5-10) MeV/u in gases
can be reproduced within 20-30% by the Hvelplund Firsov formula. Computer simu-
lations using experimental charge exchange cross sections suggest that charge-state
fluctuations have a significant contribution on the total straggling.

It is obvious that experimental results on range distributions reflect the Z1- and
Zg- dependence of the stopping power. This statement we proved with measured
depth profiles of ^He implanted at 35 keV into 14 metallic targets. The observed
Z2-oscillations for range and range straggling values correlate well with the structure
expected on the basis of electronic stopping, see fig. 6 [7]. We found similar results
for the range profiles of ^ U implanted into various solids, (see fig. 7 [8]).

At relativistic energies neither stopping powers nor energy straggling values
have been published.for heavy ions. Terminating this section, we present the slowing
down of ^3°U ions in carbon and gold targets. Experimental data are given up to the
maximum of the stopping powers and for higher energies a modified relativistic
Bethe-Bloch formula, including higher-order corrections and the density effect, is used
to calculate the stopping powers and ranges. The increasing influence of nuclear re-
actions, as outlined above, is indicated in the range curves showing that 50% of the
stopped uranium projectiles encounter nuclear reactions for incident energies of 500
MeWu and 900 MeV/u in carbon and gold targets, respectively (see fig.8).
IV. Open problems, planned experiments and new applications

As indicated by our straggling results, stopping experiments should be combined
with photon and Auger-electron measurements to manifeste clearly the impact-
parameter dependence in the ion-target interaction, especially, for systematic investi-
gations on the density of the target medium and on the atomic numbers of both the
target and projectile.

Energy straggling results in solids at several MeV/u energies were hampered by
the lack of an accurate method for determining of the thickness-nonuniformity. We re-
cently solved this problem by using a new laser interferometry method, allowing now
new straggling measurements in solids.

At relativistic energies, the target investigations are less critical due to the ap-
plied thickness range, but the requirements for energy-loss determination are strin-
gent. Common methods for the determination of the energy distribution successfully
applied up to energies of several MeV/u are not applicable. Furthermore, the energy
spread of synchrotrons with typical 10~3 is larger or in the order of the straggling con-
tribution of the medium. A solution for this experimental problem is to use a high-
resolution magnetic energy-loss spectrometer, consisting of two dispersive stages,
which are achromatic at the final focal plane. The target is placed at the dispersive
focal plane between the two stages. Independent of the relatively large momentum
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spread of the incident beam, precise measurements of energy distributions become
possible. We have planned new stopping experiments in the GeV/u range with this
method using the projectile fragment separator FRS[9].

Besides the study of the heavy-ion interaction at relativistic energies in amor-
phous targets, new measurements in crystalline solids have been proposed for the
SlS-FRS-ESR facility[1O,11]. Basic channeling studies in bent and unbent crystals will
extend the knowledge of channeling properties for few-electron heavy-ion beams.
These experiments become very attractive with the performance of the new cooler and
storage ring ESR. Coherent excitations of both atomic and nuclear levels become
possible and will be investigated[11].

At relativistic energies, the heavy ions are completely stripped after penetrating
through matter and the energy and the angular straggling contributions are small. Both
characteristics allow new applications of phase-space imaging with profiled degraders
placed in dispersive ion-optical systems[12,13,14]. Energy-bunched and isotopically
separated radioactive beams prepared with this method will be available for new ex-
periments and applications, e.g., for nuclear spectroscopy and reaction studies or for
tracing deeply implanted positron-emitting heavy ions. We want to demonstrate the
energy-bunching effect with a sample calculation for the FRS system, showing that a
broad energy distribution of a relativistic beam can be significantly bunched via a me-
chanically shaped dégrader at the dispersive focal plane. The effect of such a
monoenergetic dégrader is demonstrated with the resulting range-straggling values
(SR) in carbon obtained with and without such a dégrader positioned at the second
dispersive focal plane of the FRS. At the optical axis the monoenergetic Pb dégrader
has a thickness of 10% of the range of the incident 600 MeWu19Ne particles. The
bunched range distributions approach within 14 % the physical limits of a
monoenergetic beam indicated by the dashed line in the fig. 9a. The effect of energy
bunching is at the expense of an enlargement of the image size (ox), see fig. 9b. The
principle of particle interactions with matter placed within ion-optical systems is suc-
cessfully used at lower energies in many accelerator laboratories and will also be
applied in various sections of the new GSI projects[14].
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Fig. S: Energy-loss straggling (dots, left vertical
scale in KeV2 cm 2 /ig"1) and stopping powers
(crosses, right vertical scale in KeV cm 2 /jg'1) for
different projectiles in carbon at 0.8 VJJ [6].
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Fig. 7: Measured ranges in solids ter 320
MeV 2 3 8 U ions [8]. Littmark-Ziegler calcu-
lations are given by the solid line.
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Fig. 9: Phase-space imaging of a
monoenergetic dégrader for a 600 MeV/u
1 9Ne beam impinging on the dégrader with
different momentum spreads. The range-
straggling values (SR) are normalized by the
corresponding values (SR0) for a
monoenergetic beam.



Fig. 1: Specific energy losses for 0.8v0 Ne ions in
carbon as a function of foil thickness for four different
emergence angles [ 1 ] .
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Fig. 3: Stopping powers for 0.5 and 1.0
MeV/u He and Pb ions in different materials,
(gaseous targets are indicated by circles)
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Fig. 2: Measured «topping powars lor 0.3v0

projectiles in carbon. Th« LSS tlwory te shown
by the solid curve [2] .

Fig. 4: Measured stopping powers for 3.6 and
7.9 MeV/u uranium ions in solids and gastt
[1]-



15 A3
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1. EXPERIMENTAL TECHNIQUE

The stopping powers of 12 sol ids, and IO gases and the
associated energy loss stragqling have been measured at GANIL
far 1^17O 40Ar *°Pa 04^Kr lo3Mo and 1^ 1 3 2Xe ions in thefar 1^ 1 7O 1

 40Ar, *°P.a, 04^Kr, lo3Mo and 1^ 1 3 2Xe ions in the
energy domain 20-95 MeV/u Cl--31.

The stopping powers and energy loss straggling were
determined by measuring the beam energy, and energy width before
and after the traversal of targets of known thickness. This was
done using the first part (one dipole and four quadrupoles) of
the LISE spectrometer at GANIL C43. This method lead to stopping
power determinations with an accuracy of ± 1-3 '/. in solids and
± 2-5 7. in gases. On the other hand, the uncertainties in energy
loss straggling were of about ± 10-20 V. according to the rela-
tive beam energy lass AE/E.

2. RESULTS

2 . 1 . SiTOPPINO POVCRS IN SOLtOS
The variety of ions and energies available at GANIL made

it possible to study the evolution of stopping powers with mass
and with the ionization degree of the projectile (measured at
the target exit) for solid degraders. Many data were thus
collected and used to test the available tabulations. None of
them being entirely satisfactory, on the whole energy range, new
formulae have been proposed to scale the stopping powers (rela-
tive to He++ ions) through effective charge parametrization CSI.
When the incident energy gets high, the fully stripped ion
approximation, in which the effective charge is taken equal to
the nuclear charge, becomes valid (see Fig. I).

Z. 2. OAS-SiOLID EFFECT
The differences in the stopping powers of solids and

gases, already observed for heavy projectiles at energies lower
than 10 MeV/u C6,73, are still present for projectiles such as
Xe at 27 MeV/u, which are far from being fully stripped. They
tend to vanish when the projectile gets totally stripped (see
Fig. I). This observation is in agreement with the Bohr and
Lindhard model C03 which predicts a higher effective charge in
solids than in gaœs due to a higher frequence of collisions,
and which only applies when electrons are left in the ion.

2 . 3 . ENERGY LOSiS
In this velocity regime, the energy loss straggling

comes from two different contribution : the statistic fluctua-
tions in electronics collisions, and those» in thi? ion charge
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For fully stripped ions, for which only the first
contribution is present, the experimental energy loss straggling
have been compared to the prediction of Bohr C93 and Titeica
C103 which can be expressed respectively by C113

and

= 4ne*ZzZ NAx
1 2

n2 = "n* ' + \ E . s_ AX
TL B 3 CU'i B

(1)

(21

where the symbols Û and Û . refer to standard deviations, Z
and Z denote the projectile and target nuclear charge, NAx the
number of target atoms per area unit, E . the average electron
kinetic energy in the target, and S Ax lne energy loss in the
target. B

It can be seen in fig. II that both expressions lead to
a deviation of a factor 2-3 with experimental results. However,
the Titeica formula leads to a smaller dispersion
plotted in Fig. II.

of the data



When the projectile.' mass increases and when it*» energy
dpcreases, the deviation between experiment and riteica's
predictions increases. This effect is attributed to charge
exchange straggling, which is no more negligible for these
partially stripped ions.
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Defect Formation in Insulators under Dense Electronic Excitation

Noriaki Itoh
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I. Introduction

Radiation damage of insulators is induced not only as the result of
elastic encounters but also as the result of electronic encounters '. So
called heavy-ion track effects are due to electronic encounters but often
have been treated as the effects of electrostatic force between ions''.
Although the correlation between the radiation damage by electronic
encounters and the tracks effects of energetic heavy ions has been
suggested3', no consideration has been given on the effects of dense
electronic excitation.

In this paper, 1 discuss the radiation damage induced by electronic
excitation of insulators of various aspects and the possible correlation
with the track effects. The paper does not intend to exclude the ion-
explosion mechanism ', which has been used extensively to interpret the
heavy-ion damage of insulators. The purpose of the paper is to explore the
extent to which the damage induced by dense electronic excitation ' can
explain the heavy-ion track effects.

II. Localization of Excitons and Electron-Hole Pairs

One of the specific features of non-metals with respect to the effects
of electronic excitation is that each excitation generates an electron-hole
pair or an exciton, which possesses a large energy quantum, the band-gap
energy. Since the wave functions of these primary particles are extended,
the energy is possessed by a large number of atoms ''. Thus the localiza-
tion of the wavefunctions is the first step for radiation damage or defect
formation in solids. Because of the electron-lattice or electron-phonon
coupling, motion of a charge carrier is influenced by phonons by forming a
quasi-particle, called polaron '. If the coupling is sufficiently strong,
the polaron is localized, forming so called a small polaron or a self-
trapped state. After localization the energy of excitation is possessed by
a few number of atoms; thus the probability that the energy is converted to
that for defect formation becomes higher.

The self-trapping is the result of competition between the freedom of
motion of a charge carrier and the electron-phonon coupling '. It has been
argued that it occurs in a substance in which a half of the width of the
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band is smaller than the electron-lattice interaction energy. Without going
into details here we simply divide non-metals into two groups: Group I» in
which neither holes nor excitons are self-trapped; and Group II, in which
either holes or excitons are self-trapped. Since electrons are not usually
self-trapped and the consequences of the seif-trapping of a hole and of an
exciton is similar (a self-trapped hole traps an electron to fora a self-
trapped exciton), the grouping above is fairly general.

III. Evolution of Frenkel Pairs from Self-Trapped Excitons

Excitons formed in insulators of Group Il have lifetimes less than the
order of 100 ps and are converted to the self-trapped excitons '. The self-
trapped excitons have lifetimes ranging between nanosecond and millisecond
and are annihilated by either radiative or non-radiative recombination*"'.
In some insulators such as alkali halides, however, excitons are de-excited
into Frenkel pairs as well as self-trapped excitons. A self-trapped exciton
and Frenkel pair are isomer and the thermal conversion from a self-trapped
exciton to a Frenkel pair has been indeed observed in some alkali halides.
It has been shown also that the branching between a Frenkel pair and a self-
trapped exciton occurs at a higher excited state. The process that leads to
a Frenkel pair from a free exciton should involve an instability on the
exciton configuration. In crystals of higher symmetry, the cause of
symmetry breaking is often the topic of theoretical interest^.

Most of Frenkel pairs generated are quasi-stable and do not remain in
solids. Only a small fraction (typically 1/100) of quasi-stable Frenkel
pairs remain stable and can be observed by static measurements. In some
insulators such as crystalline Si(^, self-trapped excitons are generated but
stable Frenkel pairs are not.

In insulators of Group I, in which no self-trapped exciton is
generated, no defect is generated as the result of relaxation of an exciton
and an electron-hole pair. In these insulators, energy possessed by
electron-hole pairs or by excitons is emitted as photons out of the
insulators or stored in the insulator as trapped charge carriers. The
amount of the energy stored in solids depends on the concentration of the
trapping centers which are due to nominal defects and impurities and is
usually small. In Table I, we show typical materials that are known to
belong Groups I and II.

III. Relaxation of Excitons under Dense Electronic Excitation in Group II
Insulators

In dealing with the effects heavy-ion tracks, in which the density of
electronic excitation is extremely high, we are interested in defect
processes arising from interaction betv.'een electronic excitations. In Group
II insulators, because of relatively long lifetimes of the self-trapped
excitons, following types of excitation interaction will result: (i) the
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interaction between a self-trapped exciton and a free exciton which are
usually mobile; and (ii) excitation of the a self-trapped exciton. The
excited states of the self-trapped excitons «ay be generated either by
Auger transitions from a complex of a self-trapped exciton.

The defect processes induced by excitation interaction as described
above varies from materials to materials. Therefore the microscopic
processes in each material should be made clear in order to correlate the
track effects and the processes involving excitons. Defect generation by
excitation interaction has been observed in some specific cases. Tanimura
and Itoh ' have observed the growth of defects in BbI in proportion to the
square of the density of excitation at low temperatures and ascribed the
result to the process (i). Tanimura et al. ' have observed also that the
defects are generated by excitation of the hole of a self-trapped exciton in
CaFo. This experiment was carried out at a well-defined condition; the
self-trapped excitons generated by irradiation with an electron pulse was
excited further by a laser pulse of specific wavelengths to given excited
states and resulting optical absorption change due to defect generation was
measured. The generation of defects by hole excitation of a self-trapped
exciton is self-explanatory, since the hole is localized in the anti-bonding
orbital of an F£~ molecular ion at the ground state and at the bonding
orbital at the excited state.

The microscopic experiments explained above, even though limited to a
few cases, indicate the enhancement of defect formation by excitation inter-
actions. Another series of experimental results which suggest the effects
of excitation interaction is the radiation damage induced by intense
electron beams. For SiC^ it is known that crystal-to-amorphous transforma-
tion is induced by intense electron beams '. Although the results have not
been entirely ascribed to the high-density effects, the absence of radiation
damage by conventional ionizing radiation of crystalline Si(^ suggests
strongly that the crystalline-to-amorphous transformation arises from the
excitation interaction.

IV. Relaxation of Excitons under Dense Electronic Excitation in Group I
Insulators

Since no self-trapped exciton is generated in the materials of this
category, the high density effects induced in the bulk of materials will
involve defects or impurities. Therefore the high-density effects of
electronic excitation would not take place in pure, bulky single crystals.
It is known, however, that the excitons are localized by defects or
impurities accompanied with lattice distortion (this process is called some-
times extrinsic self-trapping). Thus it is very likely that the defect
generation or multiplication may be induced by interaction between an
excited defect or impurity with another excitation, although microscopic
evidence is not yet known.



Surfaces may act as the sites of excitation interaction. There is only
circumstantial evidence for the high-density effects at the surfaces; mainly
the results of the measurements of laser-induced sputtering and surface
modification '. Not all but a few of the experimental results of laser-
sputtering is due to effects of electronic excitation. These include the
sputtering with laser of below-band-gap photon energies, that with laser of
indirect band-gap energies and that with extremely low intensities* '. The
sputtering yield is a super linear function of laser intensity, indicating
that the excitation interactions are involved.

V. Discussions on the Track Effects

First I discuss on possible correlation between the track etching and
the grouping of insulators in terms of the electron-lattice interaction.
Clearly, the track etching have been observed in many of the insulators of
Group II '. There are some insulators, in which track etching has been
observed but of which the grouping is not yet clear. There is an empirical
criterion for Groups I and II, based on qualitative arguments, for oxides ':
those with high ionicity belongs to Group I and with high covalency to Group
II. Thus it is likely that many of the minerals, including mica, in which
track etching has been observed belong Group II. On the other hand it has
been shown that no track etching occur in MgO and semiconductors, which
belongs to Group I, unless specimens are fine powders '.

The pre-etching latent track in SiO£ has been shown
tious phase1 '. It has been pointed out ' that under

to consist of
amorphous phase11'. It has been pointed out1' that under high-density
excitation of the order of 1 atomic density, clusters of self-trapped
excitons cannot resume the original crystalline structure but transformed to
amorphous. This interpretation is consistent to the results of intense
electron irradiation. The track etching of CaF^ may be correlated to the
defect formation by excitation of self-trapped excitons. Even though the
track etching of polymers has been attributed to formation of radicals by
ionizing radiation , there is possibilities that excitation interactions
play a role. Further quantitative evaluations will be presented in the
talk.

Finally I discuss the surface damage and sputtering of Group I
insulators (including semiconductors) by heavy ions*°'. The results are
analogous to effects of laser irradiation. A comparison of the density of
excitation under laser irradiation and that in ion tracks suggests that they
are of the same origin. Most probably, the track etching or the modifica-
tion along heavy ion tracks in Group I materials is restricted to the near-
surface .



Table I. Grouping of non-metals, according to the relaxation of
electronic excitation

group specification substance

II

neither excitons
nor holes are
self-trapped

either excitons
or holes are
self-trapped

Sit Ge, compound semiconductors,
Tl-halide8, Cu-halides,
NgO, CaO

alkali halides,
alkaline earth fluorides,
SiC>2» chalcogenides
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Structure and Diffusion Properties of Latent Ion Tracks
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Small-angle scaucring or x rays and neutrons enables to determine the radial density distribution of latent ion tracks
as function of the deposited energy per unit path length. Assuming a Gaussian-shape radial defect distribution, the
diffusion along latent tracks can be described as a network of interconnected voids. The electric analogue of this
network is used to interpret the experimental data

Transmission electron microscopy of ion
damage in solids (Figure 1) requires crystals
sufficiently stable to the bombardment of the
observing electron beam and depends on the
diffraction contrast between lattice zones with
slightly different grid sizes. This technique
yields highly detailed pictures of individual
tracks. However, it is difficult to extract quan-
titative data on the actual defect density from
the obtained electron micrographs.

» * *

. « , « - •

.*•, r. r
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Figure 2 Principle w small-angle neutron scauering
from oriented talent km tracks in solids.

axis with respect to the density p# of the undis-
turbed material — of an equivalent cylindrical
track with a Gaussian radial density distribu-
tion (Figure 3 and Figure 4).

muscovite mica

^ / > 1 • # « •

Figure 1 Transmission electron micrograph of a dis-
placement spike due to the impact of a lOOkeV bismuth
ion onto a silicon single crystal [I].

On the other hand, the small angle scat-
tering of neutrons or x ray s (Figure 2) is capable
tocollectlow-resolution information from many
oriented ion tracks and yields quantitative data
on the defect density in tracks even for ther-
mally quite unstable organic polymers [2], [3],
[4].

The main results of small-angle scatter-
ing experiments are the objective determina-
tion of a track radius and of a track density
deficit—more explicitly, the 1/e radius and the
maximum density decrease Ap- at the track
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Pigure3 Trackradiusandtrackdensitychangeinmus-
covite mica as function of the energy-loss of the ions per
unit areal mass of the target material.



28

polyethylene terephthalate polyethylene terephthalate

1

N

Ar v

Xe

©

P ..•

TJ'...'. ,,,'

u !•

j
(

1
i !

20 40 60 SO 100 120 140
«nerfy-tow / JMeV/(mj. cm* ))

900

250

200

ISO

100

50

X e •

Ni ^js^*
SW : O

"y" :

•

\

20 40 60 t0 100 120
energy-loss / (MeV/(m|«cm1 ))

140

Figure 4 Track radius and Hack density change in
polyethylene terephthalate as function of the energy-
loss of the ions per unit areal mass of the target [5].

The combined information of the track
radius and the track density yields a quantita-
tive picture of the ion track as function of the
energy-loss (Figure 5 and Figure 6).

muscovite mica
track radius «/nm 20 nm-

density change (Ap/p) / % loss
[mg cm1)

Figure 5 Track radius and track density deficit of mus-
covite mica as function of energy-loss of ion.

!rack radius «/nm •20nm .... »:

densHychance(VP)/«

Figure* Trackradiusandtrackdensitydeficitofpoly'
cthylcnc terephthalate as function of cncrgy-Ioss.

An equivalent picture is the statistical
distribution of defects — here the missing
atoms in a regular matrix of atoms for given
track radius and track density — in a cross-
section vertical to the km track (Figure 7).

Figure 7 (a) Gaussian defect distribution across an ion
track calculated for an ion track of 4 nm radius and 10%
density deficitat the trackaxis. The uscdmairixhasasize
of 18.5 nm x 20 nm and corresponds to 74 x 80 = S92O
regularly spaced atoms with a mutual lattice separation
of 0.25 nm.
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OCX)OO' In the case of organic polymers — such
as polyethylene terephthalate—the voids can
be filled almost completely by small molecules
such as H2O (Figure 9).

The network model of interconnected
defects or voids has an electric analogue in the
form of interconnected resistors and capaci-
tors. The analogy is based on the similarity
between the stationary diffusion equation with
Ohm's law and of the dynamic diffusion equa-
tion with a chain of discrete electric four-poles
(Figure 10) [8].

stationary conditions dynamic conditions
M

I) Hcfc'i tim kw—««Won «rt* V)WVt WKmihm- W W a

Figure 7 (b) Central blow-up of a calculated defect dis-
tribution such as shown in Figure 7 a with S nm side
length corresponding to an unrelaxed lattice of 20 by 20
= 400 atoms of which 22 atoms or ca. 5% are missing.

In analogy to Figure 7 b an ion track can
be described as a network of defects or voids
interconnected by paths of increased mobility
(Figure 8).

tfeorwainclivaliait

fefcrt

«) OMi Uw ~ cam flow
Drift «nmntvj»t«r«<i»t

Figure 10 Top: scheme for deriving the diffusion
equations. Bottom: (heir electric analogue. In the sta-
tionary case, the mass current dM/di is proportional to
te gradieMof Uw mass coiccittiauoncinthefluid phase
and the electric current dfi/d/ is proportional to the gra-
dientof the electric potential ft In thedynamic case, the
mass concentraiion increase dc in lhe fluid phase is pn>

Figure 8 Concept of diffusion between defects or traps
of different trough depths.

5 and UK voltage increase dX/is proportional to thestored
charge dg divided by the capacitance C.

50% D2O

x detector plane

Figure 9 Neutron small-angle scattering distribution of ion tracks in polyethylene terephthalate before and after
filling with three different mixtures of H1O and D4O [6], [7]. For a mixture of 30% H1O and 70% D1O the diffraction
contrast vanishes almost completely which is an indication that the defect zone associated with die km track is re-
plenished almost completely by this medium.
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The simplest assumptions in the sense of
the electric analogue of Pick's equations are a
linear chain of voids connected by diffusion
paths (Figure 11 a) and a branched chain of
voids connected by diffusion paths (Figure 11
b).

r

Figure 11 (a) Linear ilcfccl chain and electric analogue,
(b) Branched defect chain and analogue.

The results of both models are practically
equivalent, at least if the time constants of the
corresponding RC-circuits differ by not more
than a factor three: between the main path and
the side branches (Figure 12) and correspond to
the solution of the dynamic diffusion equation
(1) for a pressure step at t=O from 0 top on one
side of a membrane of thickness d and observ-
ing the fluxyXO at tltie other side at zero pressure.

1.0
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time I / T

Figure 12 Response of different RC chains to a step
function. Electric current — analogous to a diffusion
flow—versus time / measured in units of a characteristic
time x of the system. Circles: electric analogue of linear
chain and of a branched chain. Black line: Solution of the
dynamic diffusion equation—Fick's second law of dif-
fusion —adapted by a suitable time shift. At time / = 0
a voltage of constant !amplitude is applied at the left-side
terminals of the circuit while observing the output volt-
age (or current) at the right-side terminals of the circuit
for times t > 0.

equation (1) response to step function

J'-r

The diffusion of H2O, CO1, Nc, Ar, and
O, through polyethylene tcrcphthalatc (Hosta-
phan, Hoechst AG) follows equation ( 1 ) and in*
creases linearly with the ion dose (Table 1) [7].

Table 1 permeability increase of 19 um thick
Hostaphan with respect to unirradiatcd material at an
arcaliondoseofSxIO" 8.6 mcV/u uranium ions perenr.
The permeability is defined as the fluxy per unit pressure
difference between the entrance and exit side of a mem-
brane of unit thickness.

H2O
CO,
Ne
Ar

13
37
26
35
22

However.thediffusionofmethanol shows
a considerable time-lag of the observed flux
attributed to a chemical reaction with the
damaged zone of the ion track which cannot be
described by equation (1) (Figure 13). Li order
to simulate the observed time-delay attributed
to chemical reactions — consuming a certain
fraction of the diffusing species—the electric
analogue shown in Figure 14 is suggested.

o.ood
2»10* MO* 4«10*

time/1

Figure 13 Diffusion of methanol through latent tracks
in polyethylene tercphthalate [7]. Circles: experimental
points. Black line: Fitaccording to thedynamicdiflusion
equation, however, with a time-delay of 1100 s indicat-
ing tlieoccurrenceofachcmical reaction between metha-
nol and thcchemicallyactivaieddamagezone associated
with the ion track. Gray line: Attempted fit without time
delay.
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Figure 14 Suggested electric analogue for treating the
permanent trapping of the diffusing species by a chemi-
cal reaction.
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HIGH ENERGY HEAVY IONS MODIFICATIONS OF PVDF
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Modifications induced in polyvinylidene fluoride (PVDF) by energetic heavy
ions are reviewed. The results obtained suggest that the study of ion polymer
interaction is important for understanding the electronic transport in
disordered systems, for dynamical radiation chemistry, and for the synthesis of
novel materials.

High energy heavy ions (K>1 HeV/u.m.a.) deposit a Large amount of energy
(several kev/A) in exciting the electrons of the polymer target at a very small
time scale (t< 1O~ s), A lot of local modifications are therefore expected.
Typical ion-polymer interaction phenomena involve cross linking, scission, loss
of integrity, carbonisation. Irradiation of PVDF with energetic ions, has a
drastic effect on its concentration in fluorine and hydrogen. Lateral bonds are
broken and volatile species such as F2, HF, H-, are desorbed from the material.
This desorption leads to a surface enrichment of conjugated carbon-carbon
double bonds. Under certain condition,surface reactivity is enhanced and
phenomena of fluorination have been observed. The local modifications trigger a
complex solid state which presents new bulk properties : conductivity,
reactivity. To separate the respective contribution of tht electronic and
nuclear stopping power, comparison are made with electrons irradiation and high
energy ion implantation.
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RESONANT TRANSFER AND EXCITATION IN SWIFT, HEAVY FEW-ELECTRON
PROJECTILES
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In heavy ion-atom collisions charge exchange, i.e. capture and loss, ionization and excitation
arc general phenomena studied since years as independent processes. Naturally, several of these
processes may happen simultaneously during one collision. Normally the different processes
arc uncorrclatcd and the corresponding probabilities have to be multiplied to yield the final
result. However, in some cases the two processes can not be considered independently, they are
correlated. Such a correlated process is the £esonant transfer and excitation (RTE) [I]. During
this process a quasifree, i.e. slightly bound target electron is captured into the highly charged
projectile; simultaneously a further projectile is excited. This process which is represented
schematically by Fig. 1 is a resonant process. It is caused by target-clcctron/projectile-elcctron
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Figure 1: Schematic representation of
KLL-RTE.
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Figure 2: RTE and DR cross section esti-
mates for KLL resonances.

interaction, whore in the projectile frame the sum of the kinetic energy of the quasifree isrgct
electron and its final binding energy in the projectile corresponds to the transition energy of
the projectile electron to be excited. In general, a doubly excited cjcctilc ion results which may
stabilize by photon emission or autoionizes back to the projectile charge state. The branching
(lluoresccnce yield w) depends on the different partial widths for the radiative or autoionizing
channels, Tx or Va, respectively. The autoionizing branch — also called Auger decay — is the
time reversal of the considered formation process for the doubly excited state in RTE, with the
radiative stabilization the RTE (or RTE-X) process is finished.

As the first step in RTE is the time reversal of the Auger decay the same notation is used:

'Permanent Address: AFI (Research Institute of Physics), Stockholm, Sweden
'Permanent Address: Oak Ridge Nat. Lab., Oak Rdige, USA
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I.e. a KLL-RTE means a capture to the L shell and a K -> L shell excitation. Similarly, the
RTK resonance condition corresponds to the Auger electron energy. As the target electrons
arc slightly bound their momentum distribution within the target atom has to be taken into
account for the resonance energy. This is usually done' applying the corresponding Compton
protilc ,//>,'; which transfers it into a velocity proportional width in the RTE excitation function
[2]. Applying the principle of detailed balance we can calculate the RTE cross section. If we
assume first a negligablc width for the Compton profile (Jpu = 6(P*)) which corresponds to the
case of diolectronic recombination DR [3,1] we get:

with E the kinetic energy of the target electron with respect to the projectile, gj and gi statistical
factors, Ytot = 5Z(Tx + T0); the ^-function gives the resonance condition. Integrating over the
Compton profile and summing over all possible intermediate doubly excited states one results
for the ItTE cross section by:

CTRTE

Assuming literature values for Ta and u = YxJTtOt [5,6] and reasonable Z extrapolations we
get the relative cross section dependences for KLL processes shown in Fig. 2 [7]. For medium-
heavy projectiles the cross section seems to be largest.

Considering few-electron projectiles a hydrogenic scaling can be used for the levels involved.
Applying such a scaling for the binding energies, En = (Z/n)2 • 1I9 with R9 = 13.6 eV, the
projectile energy for instance for a KLL resonance is calculated to:

(mB/mp) • {Ef 11IA) = 0.5 • Z2 • lly = EK/2

with nte/ntp the electron/proton mass ratio and A the projectile mass number.
Correspondingly, we can calculate other KLn-RTE resonance energies. For n —* oo they

approach EK • 3/4. The ratio if = (me/m.p) (Ei/A) / EK is the adiabaticity parameter (y =
(v/u)2, with v and u collision and orbital velocity). Hence, we can scale the RTE excitation
functions to if, as a reduced energy and all the KLn resonances for various projectiles stay at
the same if values (0.5 < if < 0.75), see Fig. 3 [8]. As the scaling reduces the energy parameter
by Z2 and the Compton profile width increases only with Z, the separability of RTE resonances
in adjacent shells increases with Z. Moreover, as the subshcll splitting increases with Z* the
corresponding separability increases with Z3. This is clearly demonstrated by the Pb-case in
Fig. 3. In all cases Li-likc projectiles have been assumed to hit a molecular hydrogen target.

The signature of RTE is the resonance-like structure in the excitation function. Indeed
such structures have been found already in total x-ray and total capture cross sections [9,10].
However, normally coincidences between charge changed projectiles and x-rays arc used as more
efficient fingerprints for RTE. In Fig. 4 such an x-ray/particle coincidence measurement is shown
for the heaviest measured Li-likc projectile impinging on molecular hydrogen [7,11]. The various
resonances are indicated by arrows calculated with the code given in Ref. [12]; they are at least
partially separated. The experimental data are reasonably well reproduced by the calculated
excitation function according to Ref. [13].

For hydrogenic projectiles the doubly-excited, intermediate states provide two vacancies in
the K-shell for the two electrons in higher shells. Hence, two K-x rays are emitted during
radiative stabilization. In that case the K-x ray / K-x ray coincidences are also a fingerprint



39

RTE Excitation Function

MOO

900

0

Excitation

• i
i -•-

• • / •

J. i

I

Function

III

'if'i\

0.05

0.00
0.« 0.S O l 07 0.1

REDUCED ENERGY %

U It « M
Energy (MtV/u)

Figure 4: Excitation function for
KLn-RTE for the Li-like projec-
tile 3SfGc29+ -» H2 measured via x-ray /
particle coincidences.

Figure .1: RTE excitation functions
for different atomic numbers Z and
Li-liko projectiles plotted agairst V =

for HTE [Ii]. In Fig. 5 the excitation function of pholon-photon-coincidcnccs for collisions of
hydrogenic Gc projectiles with H2 are given [7]. In that case the resonance-like structure is
also well produced by calculations using codes and values from Refe. [12,15]; for the higher
resonances no calculations are available. In the lower part of the figure non-coincident (i.e.
single) x-ray cross sections are shown. Already there, the resonances are well pronounced.
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ure gives directly the non-coincident x-ray
cross sections.
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The emission of two K x-ray photons is the signature for the formation of the doubly excited
state in hydrogenic incoming projectiles by RTE. For KLL-RTE several resonances contribute,
which could be resolved for negligible Compton profile width, i.e. for an electron target. The
corresponding cross sections for diclcctronic recombination show the various KLL resonance
channels for hydrogenic Ce projectiles, sec Fig. 6 [16]. In the case of ItTK the Compton profile
sums over all the KLL channels. However, one channel leads to the doubly excited 2s'2p 1Pi
state, which decays via K x-ray emission to the mctastablc la'2s 1So state. The is2s 1SQ state
can only decay via a two-photon decay (2/ï'l) to the Ls2 1SQ ground state. As for Ge (Z = 32)
the 2£ l transition rate (oc Z6) is already 1.8 • 10~10 s"1 [17] the two-photon decay should be
observable within the flight path observed by two opposite Si(Li) detectors. In Fig. 7 a scatter
plot of coincident photons events between both detectors is given [18]. The Ka-Ka coincidence
peak (at 10.5 / 10.5 keV) results from "the normal radiative stabilization of the doubly excited,
He-like, intermediate states; the three ridges from the cascading to the Is2s 1So state and its
2E\ decay. Considering the photon spectrum along, for instance, the diagonal ridge, we yield the
spectral distribution for the 2£1 decay, see Fig. 8 [7]. Due to electronic thresholds the measured
spectrum is cut off at both ends. The theoretical prediction [17] is given by the dashed line in
the figure for comparison. Checking all possible channels we find that the 2s2p 1Fi state is the
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Figure 8: Spectral distribution for the 2El
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Figure 9: Excitation function for RTE via
the 2s 2p 1Pi level in He-like Ge.



only one cascading dominantly to the mctaslable Wi» 1S0 state. Hence, via the two-photon
decay we can isolate the cross section for one single RTE resonance. In Fig. 9 the cross section
for the 2s2p I\ RTE channel are compared with predictions [7]. For the calculations values
from Rcfs. [12,15] have been used.

Summarizing, we note that HTE is reasonably well understood for medium heavy projectiles.
Very heavy projectiles are still an unexplored region which might be of special interest due to the
increased resolution. The x-ray/x-ray coincidence technique allows to isolate single resonances
and can be used for spectroscopic investigations of heavy few-electron systems.
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Target multiple ionization cross sections o(q) as
well as doubly differential electron emission cross sections
d2o/dEtdQ« as a function of the electron energy E« and the
electron emission angle 8# have been measured for 1.4 MeV/u
collisions of U33+ on Ne and Ar.

All experiments [1] were performed at the UNILAC
("Stripper-halle") of the GSI in Darmstadt/FRG. A 1.4 MeV/u
U334 beam was collimated to a beam spot size of smaller than
0.5 mm2 and penetrated a differentially pumped target gas cell
(10-9-10-4 Torr). The electron energies were measured using a
double focussing hemispherical electrostatic sector analyzer,
which could be rotated between 6« «25° and 160». Scanning the
spectrometer voltages, a electron energy range of 200 £ E«£
4000 eV could be investigated.

The multiple ionization cross sections o(q), q
denoting the recoil ion charge state, were measured using a
time-of-flight technique. This technique is described in
detail elsewhere [2]. In Figure Ia and Ib, the measured o(q)
are shown in comparison with nCTMC-calculations [3] for the
1.4 MeV/u U33* on Ne and Ar system. The solid line represents
the nCTMC calculations. Good agreement between calculation and
the experimental data is found within the discussed error
bars. The calculation includes direct multiple ionization as
well as subsequent autoionization channels, when the outer
shells are doubly or multiply excited.

In Figure I the corresponding proton data [4] are
also shown, (note that the proton data are multiplied by a
factor of 100). The comparison makes evident, that U*3+ has
considerably stronger multiple ionization power, further
emphasizing that a pertubation approach is not suitable to
describe such collision systems.

In Figure H a and H b , the corresponding
projectile energy loss <4Si per target atom as a function of
target charge state q for primary ionization

OSi (q)=E!(q)o(q) (1)

is plotted. Ei(q) is the total ionization energy to excite q
electrons just to the continuum with zero translational energy
with
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Ei (q)-I Ki) (2).
t-i

K i ) is the ionization potential of the ion in charge state
(i-1) [5]. The q-dependent differential stopping power

Si (q)»Z ZiS (i) (3)

is also plotted in Figure II. Si (q«Zr) is the portion of the
total stopping power which has to be expended into ionization,
i.e. it is not transferred into the kinetic energy of the
secondary electrons.

In Figure Ilia a typical electron energy spectrum
is shown for 1.4 MeV/u U» ' • on Ar at 8« «30* . In Figure I H b
the angular distribution for E.«500 eV is presented. The solid
lino represents the nCTMC calculation [3]. This plot of the
doubly differential cross sections d*o/(dE«dQ«) indicates
that the secondary electron emission is extremely anisotropic.

Since in radiation research the energy transfer
to the target material ("linear-energy-transfer", LET) is
often used as a scaling parameter, the differential stopping
power given to the kinetic energy of the ionized electrons

dS. (E. ) /dE. « E. (do (E. ) /dE. ) (4)

is plotted in Figure IV for uranium and protons [6] on Ar.
From these data the mean energy losses per

collision transfered into ionization and kinetic enrgy of the
emitted electrons are callculated. Furthermore estimates are
given for the single and double ionization density in matter.

[1] S.SCHMIDT
Diplomarbeit 1987, Univers. Frankfurt (FRG) and
GSI-Preprint 04-88 (1988).

[2] S.KELBCH, J.ULLRICH, R.MANN, P.RICHARD and
H.SCHMIDT-BOCKING
J.Phys. B 18 (1985) 323.

[3] R.E.OLSON
J.Phys. B 11 (1979) 1843 and ICPEAC 1987.

[4] R.D.DUBOIS and ST.T.MANSON
Phys.Rev. A 35 (1987) 2007.

[5] T.A.CARLSON, C.W.NESTOR Jr., N.WASSERMANN and
J.D.MCDOWELL
Atomic Data 2 (1970) 63.

[6] M.E.RUDD, L.H.TOBUREN and N.STOLTERFOHT
At.Data Nucl.Data Tables 23 (1979) 405.



10'

• UMeV/utPonNe :
o 1.5MeVp on Nc («K»)
— nCTMC calculation

8

• UM*V/u U"'onAr:
01.5MtVp on ArWOOI

- nCTMC cakutatign

6 . 8

Fig.I: licoil iei prodictioi cro» netioii for
1.4/1 KT !"• ud 1.5 Wl p n (il 1« Ud Ib) Ir.
The solid lilts ripitint tkt ruilti of iCWC-
alcil it iou for i n i i u iipiet lop«i sjiboli ir*
protoi dita froi UtA mltipliid bj 10(1.

IO '

s10'"'

'4= 10 :c

1.4M(V/u U"'on Ar
O,f30"

1.000

~ 10'=

.•? lu'
E

? 10"

10"

1.4 MeWu U ' " on Ar

E, :50O#V

• exporiifient

- " •nCTMC

'.0 60
O. CI

80 100

Fig.HI: (i) llictroi eiergj dependence it 1**30*
u d (b) ugultr dipiidnei it It «500IV of doable
differeatiil elictro» eiiition cton section» for
1.4 MeT/n U" 1 on Ir.

1,
S *

i ? j
• j D UlWAlU 1 1 1 M N*

Fig.II: liffirntiil \-Uptint iteppiH
Ui Iq) ud Ii dl for 1.4 lir/i I"» nt l.S M t
oi It) It ud Ib) Ir IcirdH irt trttM diti frw
Uf.4 Nltiplid ky W) .

$z *

Fig.H: tifftrutiil itoppisg pottr tft/A u a
fuetioi of the thctroi nergj for proton ud
irui i i oi ir. Frotoi diti irt froi tef.(.



47 C3

(EÎNQH&IHCEtD SÏÏOlPtPDINC 1PCIWIEDR - PO-SS[MA 0-E1NS E-FFECÏÏ

D-BARDES1, R.BIMBQT1, M.DUMAIL1, B.KUBICA1, A.RICHARD1.
M. F.RIVET1, A. BERVAJEAN1, CFLEURIER2, A*BANBA2, D.HONG2,

CDEUTSCH*, B.MAYNARD3, D.H.H.HOFFMANN*, K.WEYRICH*,
K.G.DIETRICH4

InStIUt de? Physique Nucléaire, F-91406 Orsay
2B.R.F.M.I., CNRS Université d'Orléans, F-45067 Orléans
3Laboratmre> de Physique? des Gaz et des Plasmas, Université
Paris Sud, F-91405 Orsay

4MPCI-Uarching and GSI, pustfach 110552, D-6100 Darmstadt.

1 . QlNTTiRCJtDtUCÏÏOOtN

Ian energy lasses in dense plasmas have recently focused
attention, due to their connection with Inertial Confinement
Fusion (I.CF.) investigation. It is well known that nearly BO %
of the ion beam interaction during its travel toward the I.C.F.
target, takes place in a hot plasma medium, resulting fro* the
ablation of the pellet surface. Therefore, a thourough under-
standing of the conditions of the energy deposition in such a
medium is essential to optimize the efficiency of the confi-
nement process C1,23. For plasma temperatures up to 200 eV, one
expects to observe a range shortening relative to cold matter
due to a more efficient stopping of the? free electrons and to an
enhanced ionisation nf the projectile. Beyond an extensive
theoretical work, a i'*»w experimental attempts have been proposed
to investigate slowiiv^ down processes in hot and dense plasmas.
The experimental approach of the beam-plasma interactions has
been undertaken three years ago in a collaboration between
Orsay, Orléans And GSX laboratories. At Orsay this experimental
investigation was carried out from the double point of view of
studying energy loss processes and transmission of a heavy ion
beam through a plasma C33. An extension of this work to heavier
projectiles has been performed at Darmstadt C4J.

2. Eî lPEtRDtMElNïïAa. IDEVDCE

The basic goal of this experiment was to simulate the abla-
tion corona resulting from the pellet implosion by a Hydrogen
plasma and to study the slowing down process of heavy ions in
this medium. The plasma target was designed by CFleurier at
Orléans C53. It consists in a cylindrical quartz tube filled
with Hydrogen gas ionised by a short and powerful electrical
discharge. (QO KAmp, IS KV). This plasma generator is coupled to
the beam line via a differential pumping system (Fig. 1).
Incident beams of Carbon and Sulphur ions were bunched with a
frequency of 1.25 MHz. All the experiments have been performed
at the same ion velocity, 2 MeV/u. The energy losses were
deduced from a time of flight analysis of the beam bursts after
interaction with the plasma or cold gas. The detection system
consisted in four capacitive phase probes displayed along the
beam line. The first two phase probes are used to control the
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PS 1

Figure i_ : Experimental set-up. T:plasma target, C:col1imators,
E:electrodes, GR:gas regulation, HV:high-voltage supply,
PP:primary pumps, R:roots, B:booster, PSl,2,3:phase probes.

stability of the incident beam (energy, pulsation). There are
also used to trigger the analysis in coincidence with the plasma
light emission. Measuring the energy losses, we arB able to
deduce stopping powers provided that we know the corresponding
densities.

3 . SÏÏ<D!FIFDIN<D [P<DtWEIR IMEAStUREIMEINTrS

Figure 2 presents the energy lasses of Sulphur ions -for a
given time window of the plasma lifetime 30 to 90 us. The
corresponding evolution of the plasma density and temperature is
presented as a function of time on figure 3. These plasma
characteristics (electron density, temperature and ionisation
degree along the plasma axis) have been measured off line and on
line using three methods :
• Laser interferometry for low density discharges
• Two wavelenghts laser absorption
• Stark broadening of the H and H Hydrogen lines.

The observed oscillations result from the evolution o-f the
plasma current during the discharge. As expected maxima of
densities are correlated to maxima of energy losses. From one
shot to another it was verified that the plasma parameters were
reproducible within 15 7. over 30 shots for given initial H
pressure and discharge voltage.

The two curves presented in figure 2 correspond to the
calculated values of energy losses performed by G.Maynard ZhI
and C.Deutsch. The upper curve includes the approximation of
constant charge for the incident Sulphur (14+), the lower one
corresponds to the full calculation including effective charge
evolution during the stopping process. Experimental results lie
between these two curves. A discrepancy appears progressively
with increasing lifetime of the plasma. This effect has been
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attributed to a shock wave
propagation inside the input
and output conductances which
delimit the plasma tube. This
propagation occurs at the end
of the discharge and induces
an increasing energy loss due
to a cold gas pressure
enhancement. An estimation of
this correction is rather
difficult and we intend to
minimize this effect in
further experiments by
changing the design of the
interface plasma-beam line.

Plotting the energy loss
as a function of the measured
densities allows us to
compare with the correspon-
ding densities of cold matter
(figure 4). Me found that the
stopping power of the plasma
is enhanced by a factor of
two with respect to that of
cold gas. This experimental
determination conforts the

theoretical predictions of the stopping standard model applied
to hot matter.

5 . BEAIM ÏÏKAINSIMDSSOOtN ÏÏIHtRtDWlH TTtHE PiLSSBIA

Another aspect of our experiments concerns the global trans-
mission of the beam through the plasma. Capacitive phase probe
are charge sensitive detectors, therefore a beam travelling
through this detector induces a response signal which presents a
bipolar shape whose amplitude is proportional to the amount of
charges contains in the burst. The time difference between two
beam pulses corresponds to BOO ns. If we compress the time scale

i r . . I i • t • I • • I • I • I I » I • I • • I • i ' •

30 40 50 60 70 80 90

Figure 3 : Electron density and
temperature versus time
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Sulphur Mtd uL,tain the drawing
presented in figure S.
This figure? presents
responses of the phase
probes which are
located downstream the
plasma generator. The
envelope of the
signals presents a
modulation as a func-
tion of time, and for
some region we can
observe an enhancement
of the signal relative
to the reference
signal which is the
signal passing through
the cold gas before
plasma ignition. This
enhancement corres-
ponds to more charges
passing through the

exit collimator of the plasma tube. How can we understand this
focusing-defocusing effect at the origin of these distributions?'

A strong correlation of these structures with the plasma
current has been observed (solid line in Fig. 5) . Above a given
intensity the signal disappears and the enhancements correspond
to zero crossing paints of the discharge current.

2 4
Density cm"3 (1017)

Figure ,4 : Energy loss as a function
of electron density (bound and free)

-50

Figure 5
Transmission of S. ions
through the H2 plasma.
Solid curve indicates
the evolution of
discharge current.

Similar results were obtained with Carbon incident ions and
the modulations appear at the same time position. We have
undertaken a systematic study of these effects varying the
plasma parameters and trying to control the instabilities gene-
rated during the discharge. This study will be developed with
heavier ions and higher energies in order to increase the
magnetic rigidity o-f the projectiles.
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Up ta now these experiments have clearly demonstrated the
enhance stopping power of a plasma compared to cold matter.
Plasma lens effect have been observed for the first time with
heavy ions and opened a new field of investigation for the study
of magnetic instabilities inside the plasma.
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LXTINT TRACKS IN MAGNBTXC INSULATORS.
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The creation of latent tracks, defined as continuous cylinders of
amorphous materials extending along the ion path, in insulators
irradiated by swift heavy ions depends on the electronic stopping power
value and on physical properties of the materials like electron
transport and dielectric properties, thermal diffusivity and
thermodynamic constants.
Thus, the determination of the amorphized volume induced by heavy ion
irradiation becomes one of the essential ways to obtain information
about ion-matter interaction. In this respect, magnetic insulators and
specially ferrimagnetic oxides appear to be interesting materials since
the variations of superexchange interactions, due to their high
sensitivity to any change in bond length and/or direction, can be easily
checked by Mossbauer spectroscopy and magnetization measurements. (1-7).
Another way to get information about the damage induced by heavy ions is
to perform direct observation by electron microscopy ; specifically,
high resolution electron microscopy allows a detailed observation of the
morphology of the defects, provided the latent tracks remain stable
under the electron beam (3,6,8,11).
The aim of this report is to describe some aspects of the damage induced
by high energy heavy ions in magnetic insulators using a panel of solid
state physics technics to look at the latent tracks and the related
phenomena.

X. Latent tracks in the garnet

The garnet ¥3^5012 has been found to be a relevant material for the
purpose of irradxation because of its stability (TF = 1750K), its
well-known magnetic properties and the possibility to find it in powder,
single crystal or thin epitaxial film form. For the irradiation by the
heavy ions of GANIL, the specimens were prepared in form of disks (3-4
mm diameter and 70 to 90/(m thickness) hold perpendicular to the ion
beams against a thin aluminium foil (12/Um thick). After irradiation,
these disks could be directly used on the Mossbauer spectrometer, on the
vibrating sample magnetometer (VMS) and then broken in pieces for the
sake of electron microscopy observations.

A. Irradiation by Xenon ions (E = 27 MeV/n).

In the whole range of electronic stopping power (38 to 56 MeV.cn^.mg""1)
delivered by the xenon ions, latent tracks are formed all along the ion
path.

- First, a strong reduction of the saturation magnetization Ms been
recorded as a function of the fluence following the well-known
Poisson's law : Ms/Ms0 » 1 - exp(-A.$t) (2). Taking into account the
cylindrical form of the latent track with a central damage core of
radius Rp, the damage cross section A can be reduced to IIR . Thus a
first approximation of the track radius can be calculated as a
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function of the mean electronic stopping power in each irradiation
disk.

- In a second step, Mossbauer spectroscopy gives a more detailed
approach of the damage induced by the heavy ion irradiations.

1. As a function of fluence $t, the increase of a paramagnetic doublet
in the center of the spectra (Fig.l) can be correlated with the
disordered core of the tracks where no superexchange interactions
can hold anymore. A complete transformation of the irradiated disks
into a paramagnetic state is achieved for a fluence of 5.1012

Xe.cm"2 at a mean (dE/dx)e - 50 MeV.cm.mg~
1. The disordered volume

fraction deduced from the paramagnetic doublet intensity is quite
comparable to Ms/Ms0, within both experimental errors, and can be
expressed with the same Poissons'law where the track radius Rp is
only a function of the mean electronic stopping power (3-5).

2. A new striking feature appears when looking at the intensities of
lines B of the sextuplets (Fig.l) which are proportionnai to the
angle between the ^f-ray and the hyperfine field directions. When
the fluence increases, the decrease of the B lines with respect to
the external ones (noted A on Fig.l) shows that the hyperfine
magnetic field Hf inside the bulk of the .sintered disk rotates
towards the ion beam direction. Such an effect has been explained by
the stress induced around the tracks by the burst-out atoms via the
magneto-striction coefficient X0 . A volume fraction of oriented
materials Or can be calculated and the overall damaged material
Cp + Orleads to a track radius R p + 0 twice larger than Rp.

- In a third step, direct observations by high resolution electron
microscopy confirm that the latent tracks are continuous cylinders of
damaged materials all along the ion path (Fig.2a) and that the core of
the tracks is completely amorphous (no lattice plane resolution) (Fig
2b). This latter result allows to associate the paramagnetic phase
observed on Mossbauer spectra with amorphous materials induced by
heavy ion irradiations (3,6,8,9,11).

B- Irradiation by krypton ions (E = 45 MeV/n).

As a function of electronic stopper power strong differences appear on
the Mossbauer spectra (4,5).

- For (dE/dx)e above 16 MeV.cn^.mg"1 an increase of the paramagnetic
fraction Cp in the center of the spectra together with an orientation
of the hyperfine field parallel to the ion beam, like after xenon
irradiations, have been observed.

- For (dE/dx)e = 13 MeV.cm.mg~
1, the intensity of the B lines does not

decrease after irradiation indicating that the isotropic distribution
of the hyperfine field Hf remains.

Thus, an anisotropic distribution of the hyperfine magnetic field occurs
above a critical value of (dE/dx)e and an isotropic one is observed
below this value. This result is also clearly established by the
variations of the track radii Rp and Ro as a function of (dE/dx)1'2

which show that both radii vanish for a threshold electronic energy loss
Ts = 15.5 MeV.cnr.mg-1 (Fig.3). The change in the morphology of the
induced defects has been confirmed by high electron microscopy which
shows that, above Ts, elongated extended defects are created along the
ion path when, below Ts, only small spherical extended defects are still
observed (11). These observations have been interpreted in the
statistical model of Dartyge and Sigmund (11) based on the number of
ionizations per unit length r induced by the heavy ion.
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The experimental reduced paramagnetic volume fraction Fd/4>t can be
fitted to r and show a drastic increase for a mean diameter of the
extended defects A = 32 ft in agreement with the value measured on
electron micrographies (11).

II. Shall structura of tha latant tracks.

The damaged volume fraction or the radius of the latent tracks induced
by the high energy heavy ion depends on three main parameters :

1) the electronic stopping power as shown by the garnet irradiation,
2) the physical properties of the materials,
3) the method of the damage determination.

To illustrate the second point, one could, for instance, consider the
irradiation by xenon ions of a layer structure like the baryum
hexaferrite BaFe10O19 (4,11); with increasing fluences and electronic
stopping powers, the Messbauer spectra show :
a) no orientation of Hf with respect to the ion beam due to the high

value of the magnetic anisotropy in the starting material.
b) the appearance of a shift in the base-line corresponding to a wide

distribution of Hf (from 0 to 480 kG) called AHf. A volume fraction
of this form of damaged material can be estimated from the simulation
and corresponds to a radius R Hf+Cp 10 to 20% larger than Rp. This
disordered but not amorphous shell Ground the tracks has been pretty
well observed by HREM as a dark contrast around the amorphous core
(Fig.2b).

c) a reduction of some iron sites (octahedral) with respect to the
others (tetrahedral) which emphasizes the importance of the chemical
environment with regard to the atomic displacement threshold.

The third point can be easily illustrated by the various techniques used
by several authors (9,13) on thin films or sintered disks of garnet ;
Table I presents the different radii obtained by channelling Rutherford
backscattering, Faraday rotation and optical absorption, for an averaged
(dE/dx)e = 50 MeV.cm~

z.mg , leading to a multi-shell structure of the
latent tracks with a structural disorder decreasing when going away from
the ion path.

TABLE I

I
Experimental |
method

R.B.S.
Paramagnetic
Amorphous

HREM
AHf

Faraday

Oriented
field

Optical
absorption

Track in
radius A

40 45 100 170

III. Ntw physical propartias inducad by high anaxgy haavy
ions. — — — .——. ..... .—. ...

Apart from the strong anisotropy of the hyperfine magnetic field induced
by the stress around the tracks in the garnet Y 3Fe5Oj2 and which is also
observed in many spinels AFe2O4 (A = Ni, Mg, Zn) (7,8), another strong
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feature of the high energy heavy ion irradiation (Xe, Kr) in ZnF©204 is
the creation of a spontaneous magnetization.
Magnetization measurements (Fig.4) as well as Mossbauer spectroscopy
have shown the presence of an important magnetization (for instance at
room temperature Ms = 2^U5 for <pt = 8.1O13Kr.cm"2) when the starting
material presents only an antiferromagnetic ordering at 10 K. Since
ZnFe2O4 is an ordered spinel with Zn atoms on A site and Fe atoms on B
site, this result supposes statistical Zn and Fe atomic displacements on
the A and B sites.
- In the xenon irradiation, continuous latent tracks are observed by

HREM for the highest (dE/dx)e values (50 MeV.cnr.mg1) ; with
decreasing (dE/dx) e, elongated extended defects appears and the latent
tracks radii Rp, plotted as a function of (dE/dx)1'2 (Fig.3), tend
towards ^ero for a threshold electronic energy loss, about
24 MeV.cnrmg , quite higher than for the garnet. In that case, one
can assume that the burst-out atoms around the tracks can induce
atomic displacements in a given shell with a radius R m calculated from
the magnetic fraction on Mossbauer spectra.

- In the krypton irradiation, no tracks or extended defects can be
observed by HREM but only domains with disoriented lattice planes
leading to Moire patterns often observed when a recrystallization
takes place in the material. A possible explanation for the atomic
displacements can be found in the recrystallization of extended
defects in which a statistical distribution of Zn and Fe atoms had
time to take place.
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INFLUENCE OF ION IRRADIATION INDUCED DEFECTS ON THE
INCOMMENSURATE FERROELECTRIC PHASE TRANSITIONS IN RtuZnCl. AND
Rb2ZnBr4 ^ *

L.SCHMIRGELD*, M.A.R.de BENYACAR, G.CARRAU, H.CEVA, H. LANZA

Division Flsica del S<51ido, Departamento de Fîsica,C.N.E.A.,
Avda. del Libertador 8250, 1429, Buenos Aires, ARGENTINA.
*Present address: Laboratoire des Solides Irradies, Ecole Poly-
technique, 91128 Palaiseau, FRANCE

As part of a research on the influence of ion- irradiation
induced defects on incommensurate (IC) phase transitions,several
compounds of the M3XY4 family were irradiated at the 20MV TANDAR
heavy ion accelerator [1]. This facility consists of the tandem
accelerator (built by the National Electrostatic Corporation
(USA) according to the ComisiCn Nacional de Energfa Atômica
(CNEA) specifications and installed at its Physics Department )
and different active experimental lines, one of which is
available to solid state physicists.

Samples were irradiated with different ions, energies and
doses. In most experiments low irradiation doses and intensities
were used so that the number of defects produced was directly
proportional to the irradiation dose and could be varied by
orders of magnitude. Even if the defects introduced have not
been completely characterized up to now, the difference between
weak defects such a? substitutional isoelectronic symmetry
breaking impurities, which can be described by random bonds, and
strong charged defects created by ion irradiation, which are
usually described by random fields, can contribute to an
understanding of the mechanisms involved in the incommensurate-
lock -in transition.

Rb2ZnCl4 (a=12.733 A, b=7.228 A , c=9.233 A ) and Rb3ZnBr4

(a=13.343 A, b=7.656 A, c=9.708 A ) belong to a family of
isomorphous insulating crystals, all displaying an IC phase
before becoming ferroelectric at lower temperatures. As is the
case for other members of the group, the IC phase covers in both
materials, a wide temperature range, but different
characteristic features in the IC vectors and in the dielectric
constant £ are present in each compound.

In this paper we report results on the effect of ion
irradiation induced defects on £ in the above mentioned
compounds. Irradiation was carried out approximately along the b
crystal axis at 40 K in a He closed cycle cryostat installed at
the ion accelerator. Typically currents of 10-15 namp were used.
Crystals were irradiated with beams of:
2 H + beams of 22MeV and doses of 5xl013ions/cm2, IxIO14 ions/cm2

14 2 14 2
and 4x10 ions/cm (for the Cl compound) and of 1x10 ions/cm
and 2.2xl014ions/cm2(for the Br compound) and32S9+ of 108 MeV
with doses of lxl012,2.5xl012 and 5x1O12ions/cm2 in both cases.

The dielectric constant along the ferroelectric b axis was
measured following a method described in [2] in heating and cool^
ing runs.
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Figures I and II show
some measurements of the
dielectric constant as a
function of temperature in
virgin and irradiated cry£
tals of the bromine compound7
for detailed results see 7 3 ;.
In figure III corresponding
results for the chlorine
compound are shown, ( for
detailed results see ]4]).

The following are
features common to both com
pounds :A)Irradiation strongly
influences the height of the
peak of vs. T.

B) The transition
temperature does not change
appreciably even at the stron
gest irradiation doses used"
and no changes are observed
in the thermal hysteresis.
Besides, the characteristic
shoulder present in the case
of Rb2ZnCl4 Î2Î, i4f, ;5; for

temperatures lower than T is
not strongly affected by Irrji
diation. ~"
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The shape of this shoulder is mainly determined by the lowest
temperature reached on cooling and this effect is strong enough



to mask small irradiation effects, if present at all. In the
case of Rb2ZnBr4 this shoulder was never observed;this compound

on the other hand, shows another anomaly at about 210 K 13J,
where the IC vector ceases to be constant r6j, the behavior of
£ at this temperature is noticeably altered only under the
strongest irradiation conditions used.

We were not able to measure the 6 vs. T curve on the
chlorine compound crystals irradiated with sulphur ions as they
are always cleaved in the (100) plane even at the lowest
irradiation dose; this cleavage exceptionally occurs when
irradiating with deuterium ions. This cleavage plane is
perpendicular to discommensuration walls. It must be stressed
that the crystallinity of the samples, checked by X- ray
diffraction is not generally altered after the irradiation ,
although a noticeable widening of the 100 peaks has been
observed, showing the highly anisotropic distribution of
irradiation induced defects.

From structural analysis data t7l a reasonable model for
the (100) cleavage observed in ion irradiated Rb^ZnCl.crystals

is proposed. Besides we can suppose , in agreement with
observations made on oxide samples in which anions are
predominantely displaced, that cations displacements are
negligible; so, the longer bonded chlorine atoms will be
preferently displaced leaving defects localized in the(100)
planes.

We can compare the above mentioned A) and B) features
in the corresponding curves of vs. T for both compounds, with
the results reported in £81 on the influence of impurities on
Fb3ZnCl4 in which a reduction on the peak of the dielectric

constant by a factor of three is obtained by addition of 1%
substitutional K ions. In our case it is complex to estimate the
number of displaced atoms, but in the experiments we obtain a
similar reduction, this number is several orders of magnitude
smaller than 1%. This supports the assesment that irradiation
induced defects are much stronger than isoelectronic sub_
stitutional impurities.
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HIGH ENERGY HEAVY ION IRRADIATION OF SEMI-CONDUCTOR S
TRANSIENT ELECTRONIC PHENOMENA AND DEFECT PRODUCTION

Presented by Y. PATIN
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In collaboration with the following laboratories

LERMAT - ISMRA - CAEN
Laboratoire de Métallurgie Physique, POITIERS

CIRIL - CAEN
Ecole Polytechnique LSI, PALAISEAU

Semi conductor irradiations were undertaken in order to
get informations on the transient electronic phenomena [1] in
silicon or on the defect production in Si [2] and Hg 1 x C d x Te
(x 0.7 and 0.3) [3]).

Charge collection in PN Silicon diodes struck by heavy
energetic ions, has been experimentaly studied. Along the
track, most of the free carriers in a diode under reverse bias
are collected by drift and diffusion. A larger fast collection
by drift than could be accounted for by drift in the depletion
layer alone, is expected (FUNNEL). We have analysed a large
set of data obtained at GANIL and Bruyères-le-Châtel
accelerators, in terms of collection depth. A general law has
been deduced to describe the transient electronic phenomena as
function of reverse bias of the junction and ion penetration.

P-type CdxHg1-3J Te ternary compounds have been irradiated
with high energy electrons and ions. EBIC signals on Xe and Kr
irradiated Cd 0 ^Hg 0 3

1Te show that n-type conversion has occured
all along the*ion path. Resistivity and Hall measurements on
electrons, C, 0 and Xe irradiated Cd 0,2

H^0.6 T e crystals allow
us to determine the effective cross section for atomic
displacement. We observe, for electron irradiated samples, a
saturation in carrier concentration, interpreted as the pinning
of the Fermi level at a resonant donor state 500 meV above the
bottom of the conduction band. Comparison between electrons and
ions irradiation shows no effect of electronic loss on defects
production.

In silicon defect production has been investigated in a
wide range of electronic stopping power from 3.7 to 14 MeV/11 m.
The in-situ resistance measurements have been used in order to
determine the rate of damage at a substrate temperature of 77K.
As it was known that up to a value of dE/dx = 3 . 5 MeV/ ym, the
defect production is a consequence of nuclear collisions, from
our results this interpretation has been extended to the maxi-
mum value of dE/dx presently investigated.

The collection depth in PN diode has been found weakly
dependent on stopping power of the incident energetic ion.

Whatever is the semi conductor either a covalent bonding
(Si) or mainly a ionic bonding (HgCdTe) there is no effect of
the electronic energy loss on the damage rate.
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ATOMIC EXCITATION BY CHARGE EXCHANGE
OF HEAVY IONS IN GAS AND SOLIDS

A. CHETIOUI, K. WOHRER, J.P. ROZET, CSTEPHAN, F. BEN SALAH,
A. TOUATI, M.F. POLITIS, D. VERNHET

Institut Curie, Section de physique et chimie and University P & M. Curie 75231
Paris Cedex 05, URA CNRS 1379

Recently, anomalous population of capture nl sublevels of Kr35* ions emerging
from thin solid foils has been reported [I]. This effect was tentatively interpreted on
the basis of a Stark mixing in the wake electric field of the moving ion ( ~ 109 V/cm
for 35 Mev/u Kr35+ ions in C). Such a field has been quantitatively observed in a
plasma source [2]. However, in solid medium.only partial evidence of this
phenomenon has been given, through experiments on molecular ion dissociation [3]
and energy splitting of excited states of ions in solids [4]. In any case a possible
modification of collisional processes in solids by a wake electric field has to be
investigated. Some outcomes have been identified for testing ; these include, among
other effects, a difference of the polarization of the light emitted by ions emerging
from gaseous or solid targets.

A well known drawback of experimental studies with solid targets, however, is
the multicollision effect. We have shown [1] from theoretical grounds that the single
collision condition is fulfilled for deepest ionic states when working with the fast
heavy ions delivered at GANIL. Indeed mean free paths for the most probable
process, nl - nl' excitation, are many times larger than the used target thicknesses [I].

We have measured the angular distribution of the 2P -> IS transition following
electron capture of 35 Mev/u Kr36+ ions in various gaseous and solid media. Three Si
(Li) detectors were placed at 60°, 120° and 150° from the beam axis, corresponding
to 74°, 132° and 157° angles in the projectile frame. In the case of solid targets,
target-detector distances were respectively 96,125 and 100 mm ; diaphragma of 1-5,
2 and 1,5 mm were used to reduce the counting rate. In the case of gas targets,
target-detector distances were 143, 143 and 110 mm. Very thin solid targets were
used for ensuring single collision conditions. Target thicknesses were 18 Hg/cm2,4.6
H.g/cm2 and 4.5 |ig/cm2 for C, Si and Cu targets respectively. Solid target purity and
thickness were controlled by PIXE analysis at the 2,5 MV Van de graaf of GPS in
Paris. Gaseous targets were produced with a well-known effusive jet [5]. The beam-
jet overlap viewed by each detector was calculated on the basis of known density
profiles ; the correctness of the calculation was further established by checking that a
same zero polarization was found for target K-Xrays in gas as well as solid targets,
solid angles being very precisely defined in the second case.

Polarizations of the Lyman a-Xrays emitted by projectiles after capture have
been extracted from the best fit of their measured angular distributions. They are
displayed in figure 1 : in the quoted error bars, main contributions come from
statistical errors, and, in the case of gas targets, uncertainties on the ratios of the
beam-jet overlap viewed by the detectors (~ 6%). In figure 1 are also reported
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theoretical polarizations of Lyman a lines including cascade contribution ; they were
calculated from CDW partial nlm cross sections [6], taking into account spin-orbit
depolarization and alignment transfer in the cascades. We note a good agreement
between experimental and theoretical values in the case of gas targets. On the other
hand a definite solid-gas difference is observed.

Figure 1 : Polarizations of 2P -> IS Kr 3 5 + transitions

Qualitatively such an effect can be explained by a Stark mixing in the wake
electric field of the projectile. Magnitudes of these fields (~ 109 V/cm) show
immediately that for deep states the Stark splitting [7] is small compared to the fine
structure of the H-like Kr ions. Then, eigenfunctions belonging to different fine
structure levels are not mixed i.e. the field connects only states nj «1,1 = j - 1/2 with
states njm, 1 = j+1/2. Moreover this mixing is more effective in the n = 3 shell than
in the n = 2 one since the 2Si/2 lamb shift (1.6 eV) removes the 2Si/2 -2Pi/2
degeneracy. For the same reason, in the n = 3 shell, the 3P3/2 - 3D3/2 mixing
dominates over the 3Si/2 - 3Pi/2 one.

Turning back to the 2P -> IS X-ray, we note that it is the sum of two
components, 2Pi/2 - > IS 1/2 and 2P3/2 - > IS 1/2, whose first one has always a zero
polarization. Any phenomenon increasing the population of the 2V\n substate with
respect to the 2P3/2 one will then reduce the total Lyman a polarization. In this
respect the Stark balancing between 3P3/2 and 3D3/2 sublevels will play an important



role since the 3D3/2 state decays essentially to the 2Pj/2 level. In gas targets, CDW
calculations show that the 3P3/2 is more populated than the 3D3/2 state. To what extent
the Stark mixing will increase or not the 3D3/2 population depends on the time
evolution in the solid. An experimental answer to this question can be found in the
fact that, for the here-considered target thicknesses, Lyman a intensity (whose a
large part comes from the 3D3/2- > 2P1/2- > IS1/2 cascades) increases whereas
Lyman 6 intensity (coming essentially from the 3P3/2 state) decreases [I]. This could
indicate that for our target thicknesses the 3P3/2 - 3D3/2 Stark mixing will favor the
3D3/2 population. The excess in solids of cascades leading to the 2Pi/2 states would
then explain the observed depolarization.

In conclusion, one can note that qualitatively nl - nl' excitation in the n = 3
shell would lead to a similar result for thick targets. However calculations [1] have
shown that, for the thin targets here investigated, this effect is negligible. We
nevertheless plan for the future experiments allowing a definitive discrimination.
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The channeling of fast heavy ions in crystals strongly modifies the
whole ion-solid interaction [1]. In particular the charge exchange process is found
to be completely different from what it is in random conditions or in an
amorphous medium : as the interaction with target atom cores is essentially
suppressed, the electron capture and the electron loss by the channeled projectiles
involve unlocalized loosely bound electrons that have the important property of
presenting a quite narrow velocity distribution.

We will discuss two experimental studies in which the channeling
effects on electron loss and capture appear successively in a very clear manner.
These experiments have been performed with a 27 MeV xenon beam delivered in
the LISE beam line at the GANIL facil i ty. The experimental arrangement has been
described previously [2]. We observed the X-ray spectrum emitted by a thin Si
crystal by means of an intrinsic Ge detector and analyzed the charge and the
energy of the transmitted ions with a magnetic spectrometer coupled to a wire
chamber.

The first experiment, performed with incident Xe 3 5 + ions, was devoted
to the study of channeling effects on electron loss and turned out to be probably
the most precise and detailed work ever done on hyperchanneling.

The charge state distributions of Xe ions transmitted through
the 21 ^m Si crystal in random conditions and for <110> axial alignment,
respectively, are shown in fig. 1. Whereas the distribution for random incidence
reflects charge state equilibrium and is centered around q = 49-50, the distribu-
tion obtained in alignment conditions extends from q = 35 to q = 53, which shows
in particular that some incident ions do not lose any electron all along their path
through the crystal. It is clear that these ions are the best channeled ones, with a
very low transverse energy, that experience the lowest electron density during

W Work performed at the GANIL facility (Caen)
(•) Permanent address ; Departemento de Fisica, PUC/RJ Rio de Janeiro, 22453 RH, Brazil
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their traversal of the crystal. Another noticeable feature is the sharpness of the
distribution at its top (q = 44) which is due to a shell effect on the electron loss
cross section (as confirmed by the calculations described below). Except for the
high charge part of the distribution, mainly due to the unchanneled part of the
incident beam, the charge distribution corresponds to a non-equilibrium situation
in which the incident ions may lose between 0 and ~ 12 electrons. This large
dispersion is mainly due to the distribution of the transverse energies of channeled
particles : to each transverse energy one must associate a value of the electron
density encountered by the projectile averaged over its pathlength, and then a
charge distribution. Though a complete study of the orientation dependence of the
charge distribution around perfect axial alignment has not been performed the
transverse energy dependence of the distribution is well illustrated by the fig. 2
in which the orientation dependence of the LyQt photon yield (resulting from
K-shell excitation in collisions with Si atoms) around the <11G> direction is
shown, along with the corresponding variation of the q = 56 component of the
transmitted beam. Whereas the Lya yield presents an ordinary channeling dip, the
36+ component presents a sharp peak, which spectacularly shows that only the
very best channeled ions, i.e with a very small transverse energy, are able to lose
only one electron during the traversal of the crystal.

From the "aligned" charge state distributrion we have extracted
electron loss cross sections for collisions with target electrons in the following
way : using a map of computed average values of the electron density along the
< 110> direction in silicon one can deduce the map of the continuum potential
(these two maps are shown on fig. 3). If one assumes that statistical equilibrium is
rapidly reached by incident particles in the crystal, which is reasonable, the
average electron density experienced by an ion with a given transverse energy can
be calculated. The transverse distribution of incident ions used in the calculation
takes the angular dispersion of the incident beam into account. The starting point
of the calculation is the determination of the electron loss cross section of the
35"1 incident ions, based on the measured 35+ transmission factor and then each
data point of the charge distribution (q) is used, in turn, to determine the
corresponding electron loss cross section (q •*• q+1). A complete set of electron
loss cross section has thus been obtained and the results can be compared to
theoretical estimates [3] as well as to experimental results [4] from experiments
in which electron beams are sent on highly charged ions "at rest", the relative
velocity being the same in both cases.

Moreover we have observed the variation of the mean energy loss in
the crystal of channeled ions with their charge state at emergence. The results
are presented in fiq. 4 in which, in order to get rid of the charge dependence of
stopping power, the energy losses have been multiplied by the factor (35/Q )2,
where Q f m s is the root mean square value of the charge over the pathlengEh5 of
on ion emerging with the charge q (the Q values have been obtained in the

r msMonte-Carlo calculation of electron loss cross sections). As the charge at
emergence essentially reflects the transverse energy of the channeled particles,
this distribution shows very accurately that all the best channeled particles with
charges at emergence from 35 to 42 (about 30% of the incident ions) have the
same energy loss rate, 0.4 times the random value, although they do not all
experience the same electron density. These results will be discussed in terms of
close and distant collisions.

The second experiment dealed mainly with channeling effects on
electron capture and has been performed with highly (5O+ to 53+) Xe ions incident
on the same Si crystal. The study of the charge state distribution of transmitted
ions shows that most of the channeled ions stay "frozen" in their incident charge
state. The reason is, first, that the removal of K and L electrons in a collision
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with a "free" target electron is, respectively, impossible and unlikely due to the
maximum energy transfer in such a collision. The second reason is that the usual
non radiative capture (mechanical capture) is suppressed for channeled trajectories
that prevent close ion-atom collisions. As a consequence the radiative electron
capture (REC), which can occur with unbound target electrons, shows up in
channeling conditions much more clearly than in ordinary conditions.

As an example we show a part of the charge-energy distribution
obtained in axial alignment with incident 53 ions (fiy. 5). The large peak is due
to the "frozen" channeled 53 ions and represents about 80% of the distribution.
The energy distribution is quite typical of channeling, with the low energy tail
associated with poorly channeled particles, but also a shoulder on the high energy
side, which is very probably due to the best channeled particles, i.e those which
exhibited the constant and minimum energy loss in the case of 35+ incident ions.
The small peak on the right is the 52+ component of the transmitted ions and
represents about 15% of them. Most of these particles are still well channeled, as
shown by the similarity of their energy spectrum with the 53+ one, and thus can
have captured one electron only by REC. However, the REC yield being
proportional to the encountered density, we select here more ions of high
transverse energy and thus of rather large energy loss, as can be seen on the
spectrum. The charge distribution allows to get a first insight into the capture
process, but the most complete study of the radiative capture lies in the
observation of the energy spectrum of the emitted photons. An example is given
in fig. 6 where we show the spectrum obtained at 90° for 53+ Xe ions incident on
the crystal in axial al ignment conditions. The spectrum is composed of a
continuum due to primary and secondary bremsstrahlung and of sharp peaks, which
belong either to the Lyman series or to the REC series. Of course all these
features are diversely affected by channeling. As the bremsstrahlung component
and the Lyman lines are lowered and are mostly due to the unchanneled part of
the beam, the M- and L-REC lines showing up very clearly and the K-REC line,
strongly enhanced, can then be studied with a precision that random conditions
cannot offer. These spectra have been obtained as well in random as in alignment
conditions with various incident charge states. We have tried to approach the
difficult problem of the photon angular distribution, for Lyman and REC lines, by
placing the X-ray detector at three successive detection angles. We have also
performed some coincidence measurements in order to obtain the X-ray spectrum
associated with a given charge state at emergence.

As a conclusion these studies show first that using high energy ions
can yield quite novel and detailed information on channeling phenomena, and also
that channeling offers the attractive opportunity of studying the interaction of
highly charged ions with a dense electron gas in very precise conditions of
relative velocity.

[1] D.S. GEMMELL
Rev. Mod. Phys. 46 (1974) 129
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M.J. GAILLARD, R. GENRE, M. HAGE-ALI, R. KIRSCH, A. L1HOIR,
B. MAZUY, J . MORY, J. MOULIN, J.C. POIZAT, J. REMILLIEUX,
D. SCHMAUS and M. TOULEMONDE
Phys. Rev. Let t . 59 (1987) 2271

[3] W. LOTZ
Z. Phys. 216 (1968) 341
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Phys. Scripta T3 (1983) 11
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Fig. I - Charge state distributions
measured for 27 MeV/u Xe35+ trans-
mitted through a 21 ^m Si crystal in
random and in <110> alignment
conditions.

Fiq. 2 - Angular dependences of Lya yield
and 36 fraction in the transmitted beam,
for Xe35+ ions incident in the vicinity of
the <110> direction.

(S) continuum poMnt«)

Fig. 3 - Map of the electron density in a silicon crystal averaged along the <-':0>
direction. Contour lines 1 to 8 ! 0.032, 0.1, 0.24, 0.5, 1, 3, 10 and 30 (A"') (a).
Map of the continuum potential for a unit charge along the <110> direction of Si.
Contour lines 1 to 8 : 0.5, 1.5, 2.5, 7, 20, 50, 100, 200 (eV) (b).
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Fiq, 4 - Dependence of the mean
energy loss of incident Xe3S

ions in axial alignment upon
their charge state at emergence.
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THEORETICAL APPROACHES OF STRUCTURAL
MODIFICATIONS INDUCED BY ION IRRADIATIONS

G. MARTIN and P. BELLON*
CEN Saclay, Département de Technologie, SRMP,

91191 Gif sur Yvette Cedex, France
4CNRS-CECM - IS rue G. Urbain

94407 Vitry Cedex, France

Once the elementary excitations of solids (electronic slowing down and nuclear collisions) have
occured, the microstructure "slowly" relaxes either by thermally activated point defect jumps or
by athermal relaxation (I].
Three main classes of stability criteria for phases under irradiation are briefly reviewed. Stored
energy arguments seem to account for tome cases of irradiation induced amorphization or
compound destruction ; the coupling between point defect and iolute fluxes well accounts for
irradiation induced precipitation in undersaturated solid solutions : quantitative modélisations as
well as simple stability criteria are available. The phenomenology of ballistic effects has been
reformulated and yields sophisticated tools to cope with observed stability inversions or
bistability phenomena [2]. In particular, cascade site effects on phase stability can be now be
modclized in a well founded theoretical manner.
Cascade size may affect phase stability under irradiation because of two distinct contributions:
the replacement to displacement cross section ratio depends on the deposited energy density;
ballistic jumps which tend to disorder ordered compounds occur by bursts (of size b). while
thermal jumps which restore long range order occur one by one.
The latter effect cannot be handled by standard rate theory, A stochastic treatment of the
problem, based on a Fokker Planck approximation of the relevant master equation is
summarized. It is shown that the possible values of the long range order parameter under
irradiation are not affected by the size b of the bursts, but that the respective stability of the
former is b dependent. As a consequence, the stability diagram of phases under irradiation
varies with b. Such a diagram is computed for the N14M0 system where three structures are
competing: the disordered solid solution, D l a and LiFeO2 type ordering. A broadening by
100K of the stability domain of the short range ordered structure to the expense of the long
range ordered one is predicted when increasing b from 1 to 100.

The stochastic potentials introduced in the present treatment are by no means free energies of
some constrained state. They can however be computed in a mean field type approximation \i).
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ION-BEAM-INDUCED PLASTIC DEFORMATION: A UNIVERSAL
PHENOMENON IN GLASSES

S. KLAUMÛNZER

Hahn-Meitner-Institut, Postfach 390128, D-1000 Berlin 39, FRG

The predominant deceleration mechanism of swift heavy ions in matter is
the creation of electronic excitation and ionization of target atoms. For a long
time it is known that electronic excitations can provoke atomic rearrangements
in insulators. One of the most pronounced effects induced by the electronic
stopping power of fast heavy ions is the creation of nuclear tracks in numerous
insulating materials [I]. Such tracks have never been found in both highly
conducting semiconductors and metals [I].

Although the formation of nuclear tracks is known for more than 30 years
theoretical explanations ars still naive approaches to a very complicated problem.
Nevertheless, a cornerstone in all these models is the prediction that in solids
with metallic conductivity no significant atomic rearrangements should be
induced by electronic excitation of target atoms. However, this prediction is
sharply contrasted by the discovery [2] of ion-beam-induced plastic deformation
(IBID) which occurs in insulating glasses, amorphous semiconductors, and glassy
metals. Like familiar plastic deformation IBID manifests itself in large anisotro-
pic dimensional changes during ion bombard- •
ment of thin self-supporting samples (fig. I). ' non-irradiated part

(clamped between copper)

irradiated part
beam perp. drawing plane

Figure I: ' '
Loft: Part of an unirradialed sample of the metallic glass CoV5Si 15^10- The arrows mark artificial
scratches which facilitate dimensional measurements
Right: The same sample after homogeneous irradiation of the lower part with 1.7xlO'a Xe
ions/cma at temperatures below 50 K. The projected range '»('the ions was about twice the sample
thickness. The beam was orientated perpendicular to the drawing plane. During irradiation the
length and width of the specimen had increased by 15%. The mass density changed by less than
1%, i.e. the specimen thickness had shrunk by about 30%. The bright-dark pattern originates
from wrinkles which appear clue to the constraint of the unirradiated sample part. The wrinkles
are a clear indicator of plastic deformation.
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Figure H:
Dimensional changes of u standard laboratory borosilikate glass (Pyrex) us a function of ion
fluence <J>t. The bombarding species were 360-MeV Xe ions; the sample temperature during
irradiation was between 80 and 150 K. In geometry 1 both length (o) and width (•) were
perpendicular to the beam. In geometry 2 the length (V) was still perpendicular to the beam but
the width (T) formed an angle of 45° with the ion beam. The shrinkage of the width in geometry 2
demonstrates clearly that the ion beam is the origin of the anisotropy.

IBID can be distinguished from other effects like swelling or radiation-
induced creep by the fact that the deformation anisotropy is introduced by the
beam itself (fig. H). The sample dimensions perpendicular to the beam grow
whereas the specimen dimension parallel to the beam shrinks. The most im-
portant parameter of characterizing IBID is the deformation rate A=x-idx/d(<bt)
which represents the relative change of a specimen dimension x perpendicular to
the beam per fluence increment d(4»t). For most materials A becomes independent
of *t above an incubation fluence B. Since the dimensions grow/shrink indefi-
nitely with increasing fluence it is suggestive to assume that the microsopic
structure attains a steady state at $t=B. Expérimentai values for A and B are
tabulated in table I for a few amorphous materials selected from a set of more
than 50 different glasses which were irradiated with 360-MeV Xe ions and
snowed IBID without exception. It is important to note that the various solids of
table I behave virtually the same during ion bombardment although they belong
to different classes of solids. More astonishingly, A varies only by a factor of 45 if
one compares high-purity vitreous silica, the metallic glass Fe32NÎ36Cri4 P12B6,
and polystyrene. The deformation rate neither correlates with electrical resisti-
vity p nor with Young's modulus E nor with shear modulus G. The data indicate,
however, a gross correlation between A and the glass transition temperature Tv
of the corresponding glass. In crystalline solids IBID does not occur.
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Figure IB:
The deformation rale A of the metallic glass !'(faiiSim) versus electronic stopping power S1.. The
various values of S1, were realized by the use of various projectiles as well as energies. The
horizontal error bar» indicate the variation of S1. across the specimens. During bombardment the
glassy samples were always kept below 50 K. The deformation rate is normalized by a fictive
deformation rale A11 which is the maximum possible deformation rate by taking into account
nuclear collisions only. Therefore, a ratio AM1, much larger than unity indicates clearly an
electronic-stopping-power effect.

For the development of a model which accounts for IBID, it is important to
note that the deformation energy is fed from the energy which the ions deposit in
electronic excitation and ionization of target atoms. Such a behaviour is not
unexpected for insulators like vitreous silica but is surprising for solids with
metallic conductivity. In fig. DI the deformation rate A of glassy PdsoSi2o is
plotted versus electronic stopping power Se- Obviously, there is a wide region in
Se where A increases exponentially with increasing Se. Such a dependence stres-
ses the importance of collective phenomena in electronic excitations and ioni-
zations for IBID. Moreover, the universal occurrence of IBID in amorphous mate-
rials and the comparable magnitude of A for all amorphous solids investigated so
far suggest a rather general mechanism for IBID. Since there are no essential dif-
ferences in the behaviour of insulating and metallic glasses it is also suggestive
that the conversion of electronic excitation energy into atomic motion occurs
within the lifetime to of the plasma. The latter is created by the ion's passage. In
metals to is of the order of several femtoseconds. Such a short time, of course, im-
plies a very rapid energy conversion mechanism. The most favourable mechanism
seems to be an ion-explosion spike which certainly occurs in every solid within at
least a few femtoseconds after the ions passage. It has been argued repeatedly [1,
3] that such a small explosion time is by far too short for giving rise to significant
atomic rearrangements. A simple estimate shows, however, that already after a
few femtoseconds the positively charged atoms in the wake (a cylindrical region of
radius R) of a fast ion have collectively moved radially by about Ar/r*f5%. Sub-
sequently (—10-|4s) the plasma cools down and the interatomic potentials start to
restore. At this time large internal stresses arise almost instantaneously. Ths
order of magnitude of the resulting shear stress x is given by

t « GAr/r * G/20 (D
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which approximates the ideal shear strength i of a solid with shear modulus G.
The lifetime of this stress is given by R/v^lO-i'^s where v denotes the velocity of
sound. An influence of the shear modulus G cancels out because the resulting
shear stress is the higher the larger G is.

In a crystal this transient shear stress produces small dislocation loops
which probably rapidly collapse after the disappearance oft [4]. In an amorphous
material, however, there are regions which respond to a short-time shear stress in
a "liquid-like" manner [5], i.e. under the action of x these regions can undergo an
ultrafast and irreversible rearrangement of atoms. The sum of all these shear
transitions finally results in IBID. An order-of-magnitude estimate yields [6]

A = 2n2n R3/A» (2)

where n denotes the concentration of "liquid-like" regions and AD is the Debye
wave length. The free-volume theory of glasses [5] predicts 10-5 < n s 10-3 rather
independent of a particular glass. The radius R is determined by the dynamics of
the interaction between projectile ion and target electrons. Therefore, R is also
rather material-independent and about 30 A tor 360-MeV Xe ions. Inserting in
eg. (2) n = 10-4, R=30 A, and A=3A one obtains A=2xlO-l5 cm2. This value
nicely compares with the measured ones (table I).

At very low fluences ($t< <B) the ion trails are well separated and each
plastically deformed region is surrounded by an elastic stress field. With
increasing fluence trail overlap leads to the build-up of an average elastic stress
field which mechanically pre-polarizes the sample and thus influences the
deformation rate. Moreover, each ion creates defects and a part of these may act
as "liquid-like" regions. Therefore, a steady state is obtained when both the
average elastic stress field and the concentration of liquid-like regions attain
their steady-state values. Since both quantities are interrelated there is no
simple way to calculate B. On the other hand trail overlap is complete at

$t = l/(nR2) = 3 x 1012 Xe iOns/cm2 (3)

which can be taken as a rough estimate for B.
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NEW MEASUREMENTS OF THE MEAN EQUILIBRIUM CHARGE OF MeV/u
HEAVY IONS INSIDE THE CDLD MATTER WITH THE H EMISSION PROBE

A.BRUNELLE, S.DELLA-NEGRA. J.DEPAUW, H.JORET, Y-LE BEYEC
Institut de Physique Nucléaire, F-91406 Orsay

and

K.WIEN
Institut fur Kernphysik, Technische Hochschule, D-6100 Darmstadt

The charge state distribution and the average charge
state of heavy ions passing through a solid target arm usually
measured with a magnetic spectrometer. The experimental values
determined by this method are in good agreement with values
calculated by semi-empirical -Formulas C13. They correspond to
values outside the targets after deexcitation of the
projectiles.

Recently, measurements of the mean charge state inside a
solid (as a function of the thickness of matter traversed) and
at the instant the ion beam leaves the exit surface of a solid
foil have been performed for the first time C23. It has been
shown that the equilibrium charge state at the surface is
smaller than the charge state measured after deexcitation rjf * n e

projectile in vacuum. The first results were obtained with Ar
and Kr ions at 1.16 MeV/u C23.

In this paper we recall the experimental procedure and
present new results on equilibrium charge states obtained with
ion beam of 3 S, 127I at different energies. A comparison with
the theoretical predictions by G.Maynard and C.Deutsch is given.
Future experiments will be evoked.

I. EXPERIMENTAL
Since the emission of secondary ions like H is very

sensitive ta the charge state of a projectile which interacts
with the surface of a foil C33, it has been possible to use the
H+ emission as a sensitive probe to determine the charge state
of the projectile. The H emission which originate from water
layers and/or contaminants adsorbed at the surface in vacuum of
IO torr takes place in the vicinity of the track in a very
short time (~ 1O-1*5 sec).

The experimental set up has been described in réf. C23
and C33. A beam from the Tandem accelerator passes through a
thin C or Au foil to produce a distribution of charge states.
The charge state desired is selected by a magnet and the beam is
collimated to a hole (1 mm diameter) before striking the target.
The primary beam intensity is very low (between 100 and 10OO
ions/sec). Therefore the surface conditions do not change under
beam bombardment.

Figure 1 shows the experimental arrangement. The
secondary ions (SI) emitted from the surface ar& measured by
time of flight between a start signal delivered by the silicon
detector striked by the PI and stop signals given by the MCP
detection hitted by the SI.

The target and the TOF are mounted on the same platform.
The angle of incidence of the primary ion beam can be changed
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(b)

(a)

Fig. 1_ : Experimental arrangement

Thin
bombarded by
1.5 MeVAi.

foils of
3 ZS with

C, Au have been
1 MeV/u and 1 Z 7

and it is passible to
rotate the» target and
the TOF through IBO*
and to observe the SI
ejected either -From
the entrance or from
the exit side of the
targe£. In both cases,
the H emission origi-
tes from the same
target arma.

If an equilibrium
charge state is
requ i red an absorber
can be inserted into
.the beam 100 cm up
stream from the
target. The absorber
is always a foil of
the same material and
thickness as the
target.

used. The targets ««ere
I with energies of 0.5, 1,

II- RESULTS AND DISCUSSION
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Fig. 2 (calibration curve 1)
shows the H* yield from a carbon
target (1000 A) as a function of the
incident charge state of *"l at 127
MeV. The yield varies as qn with n &
2. Curve 2 (in this figure} is the
H yield measurement after rotation
of the target by 180*. It is seen
that the H yield is constant and
does not depend on the incident
charge state hitting the target.
Therefore, in this example, the
thickness of the C foil is large
enough to achieve charge state
equilibration. The intersection of
curve 1 and 2 gives the mean
equilibrium charge state.

Curve 3 shows the H+ yield
measured with the target in the
initial position when the absorber
foil (see Fig. 1) intercepts the
beam 100 cm upstream from the
target. In this case the primary ion
charge state can change between the
absorber and the target.

The charge state at the
intersection between curve 3 and the
calibration curve 1 is the
equilibrium charge state after auto-
ionization decay. In the present
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case the mean charge state is 24+ at the exit surface of the
foils and reaches 2.7* outside the foil. 3Z < o

Table 1 summarizes the results obtained with S, Ar,
84Kr and 1ZVI ions at the target surface and outside the target.

Ion

5

Ar

Kr

J

Energy

32

46
hb

90
9B

A3
63
127
127
190
190

Target

C

C
Au

C
Au

C
Au
C
Au
C
Au

in

Xl.2

12
11.3

IS.*
16.6

21.4
IB. 4
24.3
24.9
26.6
26.3

11.2

12
11.3

20
19.7

23
20.9
27
26.3
29.8
27. a

<q >
PX

with
magnet

10.4

IZ
-

20
20

22.5
21.2
26.8

27.7

q
Maynard

Ref.C4)

11.7
U.7

17.9
17.9

19.8
18.4
24
24
24.8
2S.S

q

Re*. CU

11.1

12.2
11.2

2O.8
19.1

21.9
2O.3
27.4
25. 2
3O.8
2B.2

Values of mean charge states determined outside a target after
magnetic deflexion arts also presented. It is observed that <q>
outside and <q> with magnet are in very good agreement. In this
table the mean equilibrium charge states calculated by G.Maynard
and C.Deutsch C43 and those derived from a semi-empirical
formula Cl 3 are also shown. The agreement with recent
calculations from Maynard and Deutsch is very satisfactory.

The mean charge states <q>inand <q>out
 a r e t n e same f°r

light^projectiles (3ZS, 4 0Ar). For heavy projectiles like *Kr
and iz'I we have observed a systematic difference between <cI>in

and <q> . Betz and Grodzins [53 have proposed a multiple

excitation model which predicts Auger electron emission after
the projectile leaves the solid. Our results are in qualitative
agreement with this model. The atomic number of the projectiles
and their electronic excitation states play probably a role in
the post deexcitation of the projectile and further experiments
are necessary. The method gives the charge state of the projec-
tile and the exit surface after a certain thickness of matter.
It is therefore possible C63 to determine the mean charge state
<q> as a function of the thickness of matter traversed by a
H in
projectile and to measure variation of charge states inside a
solid.

The comparison of theoretical calculations on the
variation of charges in solid with experimental values is of
great importance to understand better charge exchanges, energy
loss processes and differences between solid and gas targets.
The charge state variation in the first layers of an organic
solid is also an important parameter in the desorption
mechanisms of molecular ions.
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STATUS OF THE THEORY

OF MeV-ION ELECTRONIC STOPPING

INDUCED DESORPTION

E. R. HILF, H. F. KAMMER, B. NITZSCHMANN

Department of Physics, University of Oldenburg, P.O.B.2503, D-2900 Oldenburg,

FRG

A review is given of the present status of the theoretical model calculations on

electronic stopping of MeV-Ions, the subsequent selfoiganization of the electron

shower into plasmons/excitons and its entropie coupling mechanism to atomic degrees

of freedom leading to a mechanical shock wave. The coupling of it to the (nonlinear

soliton-type) surface modes by the wellknown mode-scrambling mechanism [1] leads

to the finally observable violent ejection of internally cold emission of pieces of matter

(clusters, molecules). Thus the rich and wellstudied PDMS (Particle Desorption Mass

Spectra) carry a wealth of information, which can now be connected to the

assumptions on the primary electron stopping process.

Desorption by MeV-Ions emerges as a wonderfull tool carrying rich detailed

information to be used on the initial process of electronic excitation by the incoming

ion.

More specifically the most relevant necessary input of the incoming ion is its change

of charge in penetrating into the material. This can now be excellently studied by

using the angular distribution, absolute yield and energy dependence of desorption

spectra for ions which come in at a given angle and penetrate into matter of prepared

and marked molecular monolayers. The technique used are the Langmuir-Blodgett

molecular layer technique. [2,3].

The first step is to follow all the possible electron (of the incoming ion) to electron (of

the solid) scattering processes, the formula of the individual processes being well

known. The result is the abundance of primary secondary electrons as a function of

their energy, location, time and angle.

The second step of the global complex process is dominated by electron-electron

interactions between electrons of the secondary electron cloud. This leads and is

understood as a process of selforganization of the electronic cloud. The coupling of

the primary secondary electrons to atomic motions is in this stage relatively

unimportant [4].
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The third step is the subsequent coupling of the forming plasmon/excitun pulse to the

passed by atomic bonds. They are momentarily loosened and gain energy according

to the passing by time as can be easily seen from a time-dependent

quantummechanical perturbation calculation. This in fact gives the typical "thermal"

exponential factor of exp(dE*dt/h). Here the passing by time (divided by Planrks

constant) comes exactly in place of the inverse of a "temperature", as one is used to

in slow coupling processes. The passing time involved gives 10.000 K as a

"temperature", exactly what is seen as the kinetic distribution of the desorbed

fragments, which are internally cold. The latter is due to the fact that perturbation

theory gives the amount of energy deposited proportional to the level density of the

bond, thus loose v.d.Waals or other soft bonds get a large amount of excitation

energy, while the inner covalent bonds e.g. of organic molecules are not excited.

Finally we present the results of a large threedimensional molecular dynamics

calculation, giving the abundances of clusters as a function of their mass, energy,

angle and the ion energy, charge, velocity, and angle, -using the execellent GSI-

mainframe computer. The results can be qualitatively understood in terms of the

longitidiual volume shock-wave to transverse surface soliton type coupling picture.

Earlier calculations for vertically incoming MeV-Ions have been given in [5].

[1] H.P.Baltes, E.R.Hilf,

Spectra of Finite Systems, Bibliographisches Institut, Mannheim, Wien, Zurich

(1976), ISBN 3-411-01491-1

[2] S. DeUa Negra, Y. Lebeyec. K.Wien
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in PDMS and CLUSTERS, Lecture Notes in Physics 269 (1987) 107

eds.: E.R.HiIf, H.F.Kammer, K.Wien, Publ.: Springer, Berlin, Heidelberg

[5] E.R.Hilf, H.F.Kammer,

Journal de Physique 50 (1989) C2-245
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STBONG-FIELD QUAKTUM-ELECTRODYNAMIC PROCESSES IN ALIGNED CRYSTALS

Nelson Cue

Départaient of Physics, The University at Albany (SUNY/Albany)
Albany, New York 12222, USA

Aligned single crystals can play special roles in high energy

interaction studies. When a highly colligated bean of particles is aimed

along atomic rows the averaging effect of high speed motion results, to

the lowest order of approximation, in crystal electric fields which are

transverse to the atomic rows. These continuum-approximation fields tend

to steer the incident charged particles into channeling motion. If

positively charged these particles are repelled from the lattice atoms

into the open channels where they encounter mainly loosely-bound

electrons. Thus, for example, an aligned single crystal is a target of

dense electrons attractive to the Investigations of capture processes in

swift heavy ion projectiles.[1]

An aspect which has been exploited earlier[2l is the enormous

magnitude of the crystal transverse electric fields which is unsurpassed

by any other known earth-bound macroscopic sources. For example, the
13field strengths along the <100> axis of tungsten at 77 K approach 9* 10

V/m. Thus quantum electrodynamic (QED) processes in strong fields which

are thought to occur only in extra-terrestrial environment can now be

investigated in the laboratory. Here we review the results obtained by

the Albany-Annecy-Lyon collaboration^].

The measurements were performed at the SPS facility in CERN

utilizing highly collimated beams of electrons, positrons and photons in

the 20-200 GeV range, and germanium crystals cooled to 77 K with

thicknesses ranging from 0.07 mm to 1.40 «in. The focus is on the simplest

electrodynamic processes of radiation by electron (and positron) ?md its

inverse of pair creation by photon.
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In perfect alignment and at a beam energy >10 GeV, any QED event

associated with an incident particle will result in negligible transverse

motion. Since the event will most likely occur near an atomic string

where the field is largest, the use of a single string and the Uniform

Field Approximation (UFA) to describe the process is reasonable.[2] In

UFA the rate at a given distance from the string is computed as if the

field is constant. The final rate is formed from a weighted average of

contributions from the range of field strengths encountered in a uniform

illumination of the string. For imperfect alignment, a semi-classical

treatment has been usedl4] in which the incident particles are viewed to

encounter transient electric fields. These fields were approximated as

those resulting from the crossing of straight-line trajectories with the

same continuum-approximation transverse fields of a single string.

The radiation and pair creation rates are observed to rise steeply

with increasing beam energy. At the highest beam energy investigated, all

rates are substantially enhanced over the corresponding values for a

"random" orientation. This is true for perfect alignment and

misalignment up to tens of mrad. Comparisons of theory and experiment

show excellent agreement throughout except for the case of radiation when

the alignment angle is comparable or less than the channeling critical

angle (« 0.06 mrad). In which case, the differences are largely

attributable to the effects of channeling motion.[5,6]

A description of aligned crystals in terms of the

continuum-approximation transverse electric fields is thus an excellent

one for strong-field QED processes. The same fields provide the basis for

the Stark shifting and/or splitting of atomic levels observed[7] for

heavy ions channeled at tens of HeV/u, and they may be expected to play a

prominent role at higher ion energies.

11] See, e.g., N. Cue, J-C. Poizat and J. Remillieux, Europhys. Lett. 8
(1989) 19 and J-C. Poizat in this symposium.

[2] J. C. Kimball and N. Cue, Phys. Rept. 125 (1985) 69, and in
Relativistic Channeling, ed. by R.A. Carrigan, Jr. and J.A. Ellison
(Plenum Press, N.Y., 1987), pp. 305-18.
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A. Belkacem, G. Bologna, M. Chevallier, N. Cue, M.J. Gaillard. R.
Genre, J. C. Kimball, R. Kirsch, B. B. Marsh, J-P. Peigneux, J-C.

Remlllieux, D. Slllou, M. Spighel and CR. Sun in
Ibid, pp. 319-29, and Nucl. Instr. and

Belkacem, Nucl. Instr. and Meth. B13

Poizat, J.
Relativistic Channeling,
Meth. B33 (1988) 1.
J.C. Kimball, N. Cue and A.
(1986) 1.
A. Belkacem et al., Phys. Lett. B 177 (1986) 211 and 206 (1988) 561.
and in preparation.
X. Artru, Phys. Lett. A 128 (1988) 302.
P.D. Miller et al., Nucl. Instr. and Meth. in Phys. Res. B13 (1986)
56.
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RESONANT DIELECTRONIC EXCITATION IN CRYSTAL CHANNELS

S. DATZ, C. R. VANE, P. F. DITTNER, J. P. GIESE, J. GOMEZ UEL CAMPO,
N. L. JONES, H. F. KRAUSE, P. D. MILLER, M. SCHULZ, H. SCHONF., and
T. M. ROSSEEL

Oak Ridge National Laboratory,+ Oak Ridge, Tennessee 37831-6377 USA

Energetic ions traveling through crystals under channeling conditions
interact directly only with loosely bound electrons. In this approximation,
the electrons in a channel may be treated as a dense electron gas charac-
terized by a Fermi distribution of momenta. Ions traveling through this
medium at velocities v, equivalent to electron velocities required for,
e.g., excitation or ionization of an electron bound to the moving ion,
should experience events similar to those in a dense plasma but with a
relatively narrow electron energy distribution.

To test this hypothesis, we have sought, and observed, effects due to
resonant dielectronic excitation (RDE) in one-electron ions of Si, S, and Ca
by electron collisions while passing through a <110> axial channel in a
silicon crystal.

An electron colliding with the ion moving in the channel excites a pre-
viously bound electron and, in so doing, loses energy and is captured to a
bound state, e.g.,

^ ) + (Is) * e -> [A<Z-2>+ (2P2)]**

In the sp i r i t of Auger notation, we refer to this as a KLL excitat ion. This
process is resonant at a col l is ion energy equal to the KLL energy. Since
the electrons in the channel have a Fermi distr ibution in energy, the reso-
nance wi l l be spread by the Compton prof i le of the momentum dist r ibut ion.

In vacuum under single col l is ion conditions, the doubly excited state
would decay either by an Auger process (resonant elastic scattering) back to
A^+ + e~ or by radiative stabi l izat ion (dielectronic recombination = DR) via
two photons; f i r s t to [A(z~2)+ (Is2p)] + hvi and then to A( z " z ) + ( I S ) 2 +
hv2. However, i f the state is created in a dense electron medium ( i . e . , a
dense plasma or a crystal channel), col l isional processes leading to further
excitation and ionization come into play and may even dominate.

The experiments were carried out using the HHIRF tandem to obtain beams
of H-Iike S15+ at energies ranging from 80 to 210 HeV and Ca19+ at energies
from 150 to 330 MeV. The ion beams passed through the <110> axis of a
si l icon crystal 1.4 urn thick. Measurements were made of (a) the emerging
charge-state distributions using electrostatic deflection and a solid-state
position-sensitive detector, and (b) the X-ray spectra using a Si(Li)
detector (130 eV resolution at 5.6 keV).

I f we assume 6 electrons per atom, the electron density in the channel is
3.6 x 1023/cm3. I f we take, as an example, KLL excitation of S15+ , the

tResearch sponsored by the U.S. Department of Energy, Office of Basic Energy
Sciences, Division of Chemical Sciences under contract DE-AC05-840R21400
with Martin Marietta Energy Systems, Inc.
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requisite electron-collision energy is 1.37 keV or a S 1 5 + ion energy of
110 MeV on a stationary electron (note that this is well below the energy
required for direct Is •* 2p excitation or for ionization). This gives an
electron flux of 9.4 x IQ32 cm"2 sec"1. Coupling this with the appropriate
cross sections for excitation and ionizatïon, we obtain the rates for these
processes and, when we compare them^with autoionizing and radiative rates
for the configuration [Sll4+ (2p2)] , we note a dominance of coliisional
over radiative rates. The observables are: stabilized charge capture to
Sll<+; collisional excitation and ionization of two electrons to form S 1 6 +;
X-radiation of the doubly excited state Sll*+ (2p2 -> 2s2p) + hvi; X-radiation
of the He-like S l 4 + (Is2p + Is2) + hv?; and X-radiation from the one-
electron excited system S 1 5* (2p •> Is) + hv3. From these rates, the pre-
dicted relative yields are: Y(16+) = 0.46, Y(14+) = 0.06, Y(IiV1) = 0.31,
Y(hv2) = 0.06, and Y(hv3)

 a 0.23. However, the hvi and I1V3 are indistin-
guishable with our Si(Li) detector resolution and the yields should be
added.

The results shown in Fig. 1 for the chargestate fractions as a function
of energy and Fig. 2 for the X-ray yields as a function of energy are in
qualitative accord with these expectations. Fig. Ia shows no discernable
deviation in the charge 14+ fraction from a monotonie trend; and Fig. 2a,
showing the Sll4+ (Is2p) •»• Is2 X-ray yield, likewise shows a monotonie
decline with increasing energy. Marked oscillations are seen in Fig. Ib
for the S 1 6 + charge fraction and Fig. 2b for the X rays (hvj + hv 3).
Subtracting a monotonie background reveals the following features: (1) a
peak at 110 MeV, the predicted position of the KLL resonance; (2) a peak at
~145 MeV, corresponding to the peak previously observed for the complex of
higher KLn resonances; (3) an apparent peak at 185 MeV, which is due to
direct collisional excitation Is •> 2p (see below); and (4) a rise in the
S 1 6 + near 200 MeV, due to direct ionization.

In the case of Ca19+(ls) + e •*• Ca 1 8 + (2p2), the radiative rates are
faster, and the collisional ionization and excitation cross sections are
lower than for the S 1 5 + case. Here the radiative rates dominate and lead to
the following set of anticipated yields: Y(20+) = 0.09, Y(18+) = 0.38,
Y(hvj) + Y(IiV3) = 0.91, and Y(hv2) = 0.38. The data for Ca 1 9 + are shown in
Figs. 3 and 4. Fig. 3a shows the formation of He-like Ca 1 8 + on a large, but
smooth, monotonie background. The effect, though perhaps more evident in
Fig. 3b for Ca 2 0 +, is actually smaller than the Ca 1 8 + effect by a factor of
~4, as anticipated. Fig. 3b also shows the effect of direct ls-2p excita-
tion which has a threshold E t n = 300 MeV. Since the excitation cross sec-
tion is a step function followed by a very gradual decline, we expect that,
with a Compton fold, the yield will reach half its maximum at

The X-ray yields are shown in Fig. 4. The Y(hvi) * Y(hv3) in Fig. 4b
show the expected KLL and KLn features, as well as an indication of the
Is •> 2p direct excitation; but no hint of a peak due to Y(hv2) is see" if
Fig. 4a, even though we expect a peak with a height of A/2 that is seen for
KLL in Fig. 4a. This lack may be due to the.1 large background attributable
to direct excitation of non-channeled Ca l 8 + or capture to form excited
states of Ca 1 8 + at the exit surface. To alleviate the background problems
in these experiments, it will be necessary to measure coincidences between
the He-like Ka X rays and charge capture.
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ELECTRONIC ENERGY LOSS INDUCED EFFECTS IN
ELECTRICAL CONDUCTORS

E. BALANZAT

CIRIL : rue Claude Bloch, BP 5133,14040 CAEN Cedex

n INTRODUCTION

In most insulators electronic excitations and ionizations, created by irradiation with
different kind of particles, lead to permanent atomic displacements. Nevertheless, this general
picture suffers some exceptions. For instance, the electronic stopping power is inefficient in
producing permanent damage in MgO or AfeOs.The opposite situation holds when considering
electrical conductors. In most cases there is no contribution of the electronic slowing down on
the damage process. However, there is now a set of experimental data evidencing in some
systems, a marked effect of the electronic stopping power on the radiation defect production.

Organic metals are one of these systems. It has been demonstrated (1) that, on the
point of view of radiation effects, organic metals behave like normal insulating molecular
crystals rather than metals.

A contribution of the electronic energy losses to the radiation damage has also been
evidenced in several other electrical conductors but only in a regime of a very high density of
excitations and ionizations, ie, when the electronic stopping power (dE/dx) is very large. In this
presentation, we shall deal with this high dE/dx regime, which is the slowing down regime of
the swift heavy ion irradiations.

During the last years, the use of high energy heavy ions accelerators has led to a
significant number of new experimental results.These results have been obtained in different
systems such as : i) organic metals and high Tc copper oxydes which aie electrical conductors
systems with a substantial fraction of non metallic bondings, ii) amorphous metallic alloys,
quasicrystalline metallic alloys, crystalline metallic alloys and pure metals, which are metals
with very different atomic structures. Despite these numerous results, the description of the
effect of high dE/dx in electrical conductors is by many ways, incomplete.

m RESULTS

When searching a contribution of the electronic stopping power to radiation damage
effects, the atomic displacements created by the elastic atomic collisions must be taken into
account. The total number of atomic displacement per atom (dpa) and the spectrum of primary
knock-on atoms (PKA) have to be calculated by the usual procedures and die contribution to the
observed effects has to be evaluated. Keeping this point in mind, we shall now review die main
results which have been obtained with electrical conductors.

Organic metals [1-3]

Organic conductors are molecular crystals made of large molecules which are highly
polarizable. For building up such a conducting crystals, two types of molecules arc, separately,
staked into linear chains; one is a good electron donor, the other an acceptor. The electrical
conductivities in transverse directions are at least 100 times lower than along the stacks. The
radiation induced defects produce potential perturbation large enough to transform the infinite
conducting chains into decoupled segments. After a transient regime, the longitudinal resistivity
increase exponentially with the concentration of created defects [2] .When irradiating with X rays
or electrons the fraction of damaged molecules scales with the total energy absorbed dose. Fig. 1
shows the variation of the resitivity of TTF TCNQ measured at 77k as a function of the absorbed
energy per different incident particles ranging from 2.5 MeV electrons (dE/dx~3.2 10*4

MeV/jim)to 3.48 GeV Xenon (dE/dx~8.7 MeV/(im) [3]. The slope of the curves is greater for the
highly energetic heavy ions than for electrons. The efficiency (amount of energy needed to create a
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molecular defect) of high dE/dx Xe ions is around 50 times greater than the efficiency of X rays or
electrons.

High Tc copper oxides [4-9]

The radiation behaviour of a high Tc superconductor (Y Ba2Cu3O7.g) is shown in
figure 2 as a decrease fo T c . In fig. 2 this decrease of Tc is ploted as a function of the calculated
number of atomic displacements. It is noticeable that as far as low dE/dx irradiation are
considered (dE/dx < 2MeV/|im) the decrease of Tc scales with the d.p.a.. But for high dE/dx
irradiation (Xe or Kr points) one order of magnitude faster variation is observed [7]. Thus for
Y Ba2 Cu3 07.§the damage is clearly enhanced by the high density electronic excitations. This
result is supported by recent high resolution electron microscopy investigations. Dotted latent
tracks similar to those visualized in magnetic insulators [10] have been observed [7,8].

Amorphous Metallic Alloys [9,11-19]

The more drastic effects of high dE/dx irradiation of electrical conductors have been
observed in amorphous metallic alloys irradiated at low temperatures. Since the early
experiments of Lesueur [11] using U fission fragments, it is known that electronic energy
losses induce important modifications in amorphous metallic alloys. Klamunzer et al. by means
of dimension and sensitive density measurements have clearly demonstrated that a large
anisotropic deformation [12] presumably without volume change [13] is created by swift heavy
ion irradiation after an incubation fluence. The sample dimensions perpendicular to the ion
beam increase, while the dimension parallel to it shrinks. This growth phenomenon has been
observed for numerous amorphous metallic alloys as well as oxide glasses [14,15], Audouard
et al. [16-19] by means of electrical resistance measurements and by varying the angle of
incidence of the beam with respect to the sample, have been able to measure simultaneously the
growth phenomenon and the heavy ion induced resistivity change [16]. They showed that
during the incubation fluence and above a threshold value dE/dx, the electronic stopping power
creates deffects in the short range order of the amorphous alloy. The initial damage rate as a
function of dE/dx is shown on figure 3, the electronic stopping power induces in this FegsBis
alloy an effect which is by two orders of magnitude higher than the effect due to elastic
collisions [17].

The anisotropic atomic mobility responsible for the growth effect must be driven by
local stresses created as an incident ion pass through the sample. The question arises, however,
of the intensity of this local stress. One way to answer this question is to study the influence of
an external applied stress on the growth rats. It has been shown [18,19] that an external
uniaxial stress induce a hudge additional atomic transport The slope of the resistance increase
of a sample irradiated perpendicular to the ion beam is increased by a factor 8.5 when a 600
MPa uniaxial stress is applied. It has been infered that the order of magnitude of the local stress
responsible for the growth effect (when no external stress is applied) is some hundreds of MPa.
Moreover any crystallization of the amorphous metal was not detected.

Cristalline metallic alloys [20]

A series of different cristalline alloys were irradiated at Ganil with GeV Xe ions (10
MeV/|im<dE/d x < 40 MeV/|im) using low temperature electrical resitance measurements
transmission electron microscopy (TEM) observations and strain measurements. The selected
alloys exhibit a large variety of electronic and structural properties.

GrçAu and Ni3Fe irradiated in both long range ordered and disordered state.
An austenite Fess N25 C027 having electrical resistivity comparable with typical

resistivity of amorphous metallic alloys.
Three systems Ni3B, Zr3Al and NiZr known to be easily amorphised by nuclear

collisions N13B is one of the few metallic alloys having an amorphous counterpart.

Contrary to the amorphous metallic alloys case, no change in the shape of the
samples was observed. TEM observations of NiZr, Zr3Al and Ni3B did not reveal any
continuous tracks but some displacement cascades which can be attributed to atomic
collisions.No signs of amorphization were found. The analysis of the resistivity increase
normalized to the calculated number of displaced atoms leads to a defect production yield
indépendant of the dE/dx value for CU3 Au,a slight increase of the yield with increasing dE/dx
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values for NÎ3B and slight decrease for the Austenite and M3 Fe. Complementary data points at
lower and higher electronic stopping power are requested to confirm these trends.

Pure Metals [21-27]

The first results of the incidence of the electronic slopping power on the damage
rate of pure metals were obtained in the sixties. Very thin films were irradiated by fission
fragment and thin latent tracks were observed by TEM observations [21-22J. More recently,
some (less dramatic) effects were observed in pure bulk metals. In Nickel Iwase et al.[23-24]
have shown that the damage efficiency, the recombination volume and the percentage of the
stage I recovery do not scale with the PKA median energy but scales with the electronic
stopping power of the projectiles. At high dE/dx values are associated decreases of the damage
efficiency and of the percentage of the stage I recovery and an increase of the recombination
volume. Similar results have been obtained by A. Dunlop et al. in iron targets [26], Stoning
with iron samples doped with deffects created by atomic collisions during previous low
temperature 10-170 MeV Fe ion irradiation, A. Dunlop et al. [27J have shown that a subsequent
irradiation, without any intermediary warming up, with 500 MeV iron ions induce a decrease of
the resistivity and of the length of the samples. This nice procedure has thus shown that
electronic stopping power induce annealing of previously created cascades.

Galium is the only pure metal which has a stable amorphous phase (for a substrate
temperature less than 16 K). This amorphous state can be obtained by rapid quenching or by
low energy ion irradiation. E. Paumier et al . [271 performed a 3,5 GeV Xe irradiation of
Galium at 10 K up to a fluence of 1,4 10l2cm-2> No sign of amorphization induced by
electronic stopping power was detected.

Ill) DISCUSSION

The results above mentioned show that in electrical conductors, contrary to what
was often claimed, the electronic stopping may induce radiation damage and/or atomic mobility.

The value of the electrical resistivity is surely not the only pertinent parameter which
determine the sensitivity of a given material to the electronic stopping power induced effects.
The nature of the atomic bonding and the nature of the atomic structure have definitively a
crucial incidence. Tentatively, a distinction between electrical conductors presenting an
important fraction of non metallic bonding and "metallic" systems could be made.

In the first group, we find organic metals and high Tc copper oxides. In spite of a
large density of free electrons, the behaviour of these materials under high dE/dx irradiations is
not drastically different to those of similar insulators, as, for exemple, the behaviour of "123"
superconductors seams similar to those observed in insulating garnets [9]. Nevertheless, it is
difficult to consider that the presence of free electrons has no influence on the defect production
mechanism. More quantitative studies of the influence of the electrical resistivity on die damage
efficiency remain to be done.

In metallic systems, the atomic packing and the surfaces seems to have a decisive
influence. Up to now, the strongest effects of the electronic stopping were observed in
amorphous alloys and in very thin films. Again, the role of the value of the electrical resistivity
(or of the electron-phonon coupling) on the contribution of the electronic stopping to irradiation
damage is unclear.

The now well established evidencies of contributions of the electronic losses to the
radiation damage in electrical conductors invite us to develop new ideas about the atomic and
electronic mechanisms involved. The generaly accepted models such as thermal or Coulombian
spikes meet, with this metallic systems, a difficult case of application.
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MAGNETIC BEHA/IJUR Ol
WITH THE PAD-METHOD

IiCLATED IMPURITIES 113 XELhLS fT'JDIEP

H.H.BERTSCHAT, K.BIEDERMANN , H.HAA3, R . K C U L
W. Mi)LLER, S. SEEGER, B . SPFLLME YER , W. -D. ZEITZ

M A H N K 3

K a h n - M e i t n e p - I n s t i t u t , P o s t f a c h 5 9 0 1 2 8 , D - Î Û 0 Q B e r l i n

In o r d e r to s t u d y t h e l o c a l lïiagnetie behaviour of
soiated transition element impurities in nierais we have

•applied the Perturbed Angular Pissributiea t F A P > Method t a
contribute te the following topies:
a) localization of Jd-eleetrens in alkali octal host? and
b) magnetic Interactions of impurity atotns en different

lattice sites.

In these PAD-measurements, a pulsed ion beaa hits 3 thin
target foil <~1rag/eras> and produces exeited iseaerie prsfee
nuclei through nuclear heavy ien reactions. The ppobc ions
are implanted into the hoots utilising their1 reeeil energy

10 MeV). This way, a great variety ©f iaparity=h©st systems
produced, especially with elements that de net alley

under standard conditions. Measurements with exfereae dilutien
<<<1ppm) of impurities are possible.

(
c a n

Tho alignment of the nuclear spins gives rise t©
anisotropie angular distribution ©f the g=rays in the
of the probo nuclei. In a magnetic field B, the
rotatoo with tho Larmor frequency Wt, 3 =$,«N/!U gw B « #N
is the nueloar magnotie fflomont). Tho fpeqyefleies
extracted from opinrotation Gpeetra [13 like the QUO shews
Fig. I to determine the temperature dependent magnetie
B(T) .
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Fig. I:
Spinrotation spectrum for 5 4Fe in Ce at
rature of 140 K. The beat structure
frequencies which differ by 4%.
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In order to discuss the local magnetism, the Larssr
frequencies are parametrized with the paramagnetic
enhancement factor P < T ) , p < T) = BtT)ZB.„«, using the
externally applied magnetic field B « x t for polarization.
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Cs, Rb and K which nicely follow a Curie-law
interpretation requires the assumption of
coupled ?d9-configurât ion for a monovalent
ground state multiplet). Such on unperturbed
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The second example concerns the implantation of 5*Fe
into oc- and X-Ce, La and Sc. Here the 10*-level at 6^2 7 keV
(J = 515 ns, gN " 0.728 ) has been used which is populated
through the *5Sc('2C , 2pn)^«Fe reaction. The strong external
field (8.1Jj T) of a superconducting split pair magnet helps
to discriminate small differences in the magnetic behaviour
of the probe ions.

Two destinct frequencies have been found in the
spinrotation spectra for several hosts (see e.g. Fig. I). In
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The analysis reveals that the two frequencies have to be
attributed to different lattice sites of the implanted Fe
impurities. The formation of a local moment depends on the
balance between the strongly volume dependent hybridization
and the intra-atomic coulomb and exchange interactions. The
condition for a local moment may be discussed on the basis of
the Anderson model C2] by apploying recent data of Van der
Marel and Sawatzki C 5 3 . Accordingly, the effective volume on
interstitial sites is too small to allow the development of a
local moment on the Fe impurities. In conclusion, the large
fraction of probe ions with non-magnetic behaviour is
attributed to Fe impurities which are predominantly implanted
on interstitial lattice sites, but the smaller fraction of Fe
ions on substitutional lattice sites does display local
magnet i sm.

[ » ] H. -E. MAHNKE, Introduction to PAC/PAD, in: Proc. of the
Intern. Conf> on Nuclear Methods in Magnetism, Munich
1988, in press in Hyperfine Interactions.

C23 P.W.ANDERSON, Phys. Rev. 124 < 1 961 > 41
[?] D.V.D.MAREL and G . A . SAWATZKY, Phys. Rev. B}7 (1988) 10674
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ELECTRONIC E N E R G Y LOSS-INDUCED EFFECTS IN F e 8 5 B 1 5 A M O R P H O U S

ALLOYS IRRADIATED B Y HIGH E N E R G Y HEAVY IONS

I - CREATION OF DEFECTS

II - DIMENSIONAL EFFECTS

A. AUDOUARD', E. BALANZAT, J.C. JOUSSET&, G. FUCHS+, D. LESUEUR*. L. THOME»
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5 C.I.R.I.L., Rue Claude Bloch, B.P. 5133, F-14040 Caen Cedex, France
+ Département de Physique des Matériaux, Université Claude Bernard, Bd. du 11 Novembre 1918,
F-69622 Villeurbanne, France
6 Laboratoire des Solides Irradiés, Ecole Polytechnique, F-91128 Palaiseau Cedex, France
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Swift heavy ions incoming in matter lose their energy by (i) elastic collisions with the target nuclei ;
(ii) electronic excitation and ionization. Up to recent years, it was commonly admitted that the latter
process did not lead to atomic rearrangements in metallic alloys, due to the high mobility of free electrons.
The advent of a new generation of high energy h e a v ion accelerators, such as GANIL, allowed to withdraw
this primary picture by the discovery of topological modifications induced by electronic energy loss in
amorphous metallic alloys.

Early experiments on Pd^Siio amorphous alloys irradiated at low temperature with various high
energy heavy ions showed [1-2] that electronic energy loss was mainly responsible for a dramatic growth
of the sample dimensions perpendicular to the ion beam axis above a given ion fiuence threshold. The
increase of the sample resistance observed below this threshold was there attributed to defect creation
induced by nuclear collisions alone [3]. The present paper summarizes the experiments (partly reported in
[4-7]) performed to (i) confirm the growth effect and understand its origin, (ii) demonstrate that electronic
energy loss can also be responsible for damage creation in metallic systems.

Amorphous Fe^B\z ribbons were irradiated at 80 and 220 K with high energy heavy ions (Ar, KT,
Mo, Xe) at the GANIL accelerator. The angle 0 between the incident beam and the normal to the
sample was varied between 0° (normal incidence) and 53° in order to verify the anisotropy of dimensional
variations [5]. The growth phenomenon was studied with the application of external tensile stresses (from
0 to 600 MPa) during irradiation [6-7]. Electrical resistance measurements were performed in situ at the
irradiation temperature.

Figure 1 summarizes the main results obtained with a Xe beam. In the case of unstressed ribbons,
the resistance variation can be expressed by [5] :

AR/Ro = Ap/po + 2At/e0\,=o [ l -3 s»n 2 0] (1)

where p is the resistivity and I the length of the samples. A careful analysis of the data using equation
(1) allows to separate the resistivity and growth contribution to the sample resistance.
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Figure 1

Relative resistance variation &R/R0 versus Xe fluence for FestBis amorphous alloys irradiated at 80 K
and 220 K with different tilting angles 0 between the ion beam and the normal to the sample surface and
different uninxial tensile stresses a applied to the samples. The energy of the Xe ion beam is 3 GeV.
The electrical resistance is measured in situ at the irradiation temperature during beam stops. The inset
shows the beginning of the irradiation.

PART I : CREATION OF DEFECTS

According to equation (1), a resistance variation independent of B can be ascribed to a resistivity
variation, certainly due to defect creation. This is the case for the data of figure 1 recorded at irradiation
fluences lower than ~ 1012 Xe/cm2. The deduced resistivity variation versus the irradiation fluence is
presented in figure 2 for the two temperatures studied. It is quite clear that in both cases the radiation-
induced resistivity saturates around 1013 Xe /cm2, the resistivity increase at saturation being much more
important at 80 K than at 220 K.

If elastic collisions were responsible for the observed radiation-induced damage, the relative resistance
variation at the beginning of the irradiation, normalized to the number of displacements created by elastic
collisions (dpa), should be independent of the incident ion. Figure 3 shows that it is not the case. On
the contrary, it appears clearly that [ARfR0] /dpa increases linearly by several orders of magnitude with
the ion electronic energy loss above a threshold of ~ 13 MeV/fim. This demonstrates that, contrary to
what was previously assumed [1-3], the observed resistivity increase can be mainly ascribed to electronic
energy loss effects.

Similar experiments performed in amorphous and crystalline Ni75B2^ ribbons irradiated at 80 K
with high energy Xe ions [8] indicate that the amorphous structure strongly favors defect creation by
electronic energy loss in metallic systems.



119

0.02

AÉL
Po

0.015 ••

0.01 ••

0.005 -•

6UO

500

400

I
ft 30°
g

200

100

0

. ; , . , j ^

F e S S B ! 5

9OK irradiations
77K measurements

C

Mo o

O

O

e- O-.U •

{•/ J* . - . ' . K r . .

•

• Xe

O

0 0.5 1 1.5 2 2.5

Xe Fluence ( 1 0 1 3 X e cm"2)

IO 20

(dE/dx)e

30 40

Figure 2
Relative electrical resistivity variation A p / p 0 ver-
sus Xe fluence for FeasBu amorphous Alloys irra-
diated at 80 K and 220 K. The curves are deduced
from the curves of Sg. 1 according to equation (1).

Figure 3
Variation of [AR/Ro] /dpa versus the electronic
energy loss for different projectiles in
amorphous alloys irradiated at 80 K.

PART n : DIMENSIONAL EFFECTS

Equation (1) shows that, in the growth region, the electrical resistance variation of the irradiated
ribbons strongly depends on the tilting angle 6. This is clearly the case for the data of figure 1 recorded
at high irradiation fluences. The contribution of AtJt0 to the variation of ARfR0 with the irradiation
fluence is presented in figure 4. It has to be noted that the growth occurs above an incubation fluence
which depends markedly on the irradiation temperature. The growth amplitude is here also much higher
at 80 K than at 220 K.

The electrical resistance variation of the stressed ribbons represented in figure 1 can no longer be
reproduced using equation (1). The presence of the uniaxial stress leads to positive variations of ARfR0

even for large 0 values. This requires the addition of a term taking the radiation-assisted creep into
account. A possible description of (he whole phenomenon depends whether a coupling exists or not
between the observed growth and creep. A plot of the final slopes of the curves of figure 1 as a function of
the applied stress can provide an answer to this important question. Such a plot is presented in figure 5
for the data registered at 80 K. The absence of parallelism between the straight lines shown in this figure
is a strong indication that a coupling exists between the two phenomena. From the results presented
above, it is possible to deduce that the magnitude of the internal stress induced along the ion track,
responsible for the growth effect, is of the order of some hundreds of MPa.

The absence of radiation-induced growth in crystalline Ni3B irradiated with high energy Xe tons
[8] here again dnmonstrates the necessity of the amorphous structure for the observation of such a phe-
nomenon.



120

A 1

0.04

0.03 --

0.02 " •

0.01 •-

O 0.5 1 1.5 2 2.5

Xe Fluence (1013Xe cm'2)

s
u 20

5

•200 200 490 600

STRESS IMPa]

Figure 4
Relative length variation AIfI0 versus Xe flu-
ence for FcssBis amorphous alloys irradiated at
80 K and 220 K. The curves are deduced from the
curves of fig. 1 according to equation (1).

Figure 5
Final slopes of the AR/Re variation versus ipi as a
function of the applied uniaxia/ stress for the dif-
ferent irradiation angles 0 in the case OfFe8 5Bj8

amorphous alloys irradiated at 80 K with Xe ions.
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INTRODUCTION

For many years, the question was raised whether electronic slowing down might contribute to irra-
diation damage in metallic materials, much in the same way as they do in insulators. The early work
by Lesueur et al. [1] using fission fragments with energies in the range 10 to 100 MeV, identified a con-
tribution of electronic excitations to the damage process in PdgoS»2o crystalline and amorphous alloys.
Later on, Klaumunzer [2] discovered an intriguing growth phenomenon induced by electronic losses in
amorphous metallic as well as non metallic materials ; ribbon shaped samples experience a spreading
in the direction transverse to the ion beam, and a contraction in the beam direction, in the absence of
external load. This effect was attributed to coulombic explosion in the wake of the projectile. Finally
Audouard et al. [3] recently demonstrated that, in amorphous Fe^B^ under 3 GeV Xe ion irradiation
at 90 K, before the deformation proceeds, damage (measured by electrical resistivity) builds up in the
material at a rate which increases with the electronic slowing down and which may be two orders of
magnitude larger than that expected from nuclear collisions only.

An obvious question is as follows : are such effects a peculiarity of the atomic structure, or of the
electronic structure of the amorphous materials which had been investigated ?

For answering that question, the above laboratories joined in a cooperative program at GANIL : the
damage process under very high energy Xe ions irradiation (3 GeV) with electronic slowing down in the
range of 10 to 40 MeV/pm has been studied, using low temperature electrical resistance measurements,
transmission electron microscopy (TEM) observations, and strain measurements, in a series of metallic
materials exhibiting a large variety of electronic and structural properties : these include (i) CuzAu and
NizFz both in the long-range ordered and disordered state, which are very similar from the cohesive
energy point of view but exhibit different density of states at the Fermi level, which affects the electron-
phonon coupling [4], (ii) a model austenite {Fe^gNi^tCrn) which is a member of a family of alloys
with a broad range of electronic properties [5], (iii) Ni^B both in the crystalline and amorphous phase,
ZrzAl and NiZr crystalline- and AlMn.2iSÎ7 quasicrystalline compounds, which are known to be easily
amorphized by nuclear collisions [6].

The main result of this investigation is that electronic slowing down has distinct effects in amorphous
and crystalline metallic materials ; in the former defects are clearly induced ; in the latter the effects are
much weaker and, depending on alloy chemistry, either consist in restoring part of the defects produced
by nuclear collisions or may be in slightly enhancing the damage production (iv*j3B).

EXPERIMENTAL

Ribbon shaped samples (10 x lmm2 and 10 to 40 /zm thick) for electrical resistance measurements
or disc shaped samples (3 mm diameter and 10 to 150 /im thick) for TEM observation, were exposed
to a 3 GeV Xe ions beam at GANÏL, with typically 2.10sions /cm7 s to a total ftuence ranging from
1012 to some 1013ions/cm2; the irradiations were performed either at 80 or 10 K. Electrical resistance
measurements were performed in situ during the irradiation. Up to 8 samples were stacked along the ion
beam, their thickness being adjusted to cover a broad range of electronic energy losses. The total stack
thickness was chosen in a way to avoid the stopping region of ions.

From the resistance vs fluence measurements, the damage per nuclear displacement is plotted as
a function of the electronic stopping. The nuclear displacements are estimated according to a method

Experiments performed in the G.A.N.I.L. accelerator, with the technical assistance of J.M. Ramillon.
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based on Lindhard integral equations [7] [8].
TEM observations were performed either on conventional or high resolution microscopes. Strain

measurements were performed using indentations marks at the sample surface with an overall resolution
of 10-4 .

RESULTS AND DISCUSSION

First of all, no elongation has been observed on any crystalline sample. TEM observations of NiZr,
Zr2Al, crystalline NiaB and quasi crystalline AIMn^Sir did not reveal continuous tracks, but rather
showed the occurence of small displacement cascades. The observed number density of such cascades is
compatible with damage production by nuclear collisions.

Fig. 1 shows typical resistance variations with fluence. As cam be seen, amorphous NisB behaves
in the same way as amorphous Fes B '• a^ ter a n incubation period where damage accumulates at a rate
much greater than what is to be expected from nuclear collisions, a steady increase in resistance takes
place, which according to previous study [3] is the result of the sample growth.

Ol
O i 1

Cf.
<J

10'

fluence (ions.cnf

Figure J
Typical shapes of defect production curves (rela-
tive electrical resistance increase as a {unction of
the ion fluence) measured on some targets during
3 GeV xenon ion irradiations.
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Figure 2

Ratio of the relative initial electrical resistance
variation to the calculated numbers of defects cre-
ated in nuclear collisions as a function of the av-
erage electronic stopping power of the ions.

From data of the type depicted in fig. 1, the ratio of the initial relative resistance change to the
calculated number of atoms displaced in nuclear collisions, is plotted as a function of electronic slowing
down. Fig. 2 is a summary of all data collected in the present experiment. We notice the following
trends :
- for amorphous NiaB the damage efficiency increases significantly with electronic slowing down ;

in crystalline alloys : NhFe, Cu3.Au (both in the ordered and disordered state), austenite and NhB, the
effect of electronic stopping is much weaker. Complementary data points at lower and higher electronic
stopping power are requested to confirm trends which may be guessed from fig. 2, namely a slight decrease
(respectively increase) of the defect production yield in the austenite and NhFt (resp. NhB) and no
effect in Cu3Au. A similar decrease of the defect production yield was already reported in pure Ni by
Iwase et al. [9] and in pure Fe by Dunlop et al. [7] ; in contrast to Ni based alloys, CvzAu exhibits
no sensitivity to electronic slowing down, at least in the range of temperature and total fluence which
was investigated. This observation is in agreement with the weaker electron phonon coupling in Cu as
compared to Ni [A].



123

CONCLUSION

Inelastic collisions in metallic materials have opposite effects in crystalline and in amorphous struc-
tures : in the former they induce subthreshold events which promote correlated Frenkel pairs recombina-
tion, while in the latter they induce some sort of disorder. Such a distinct behaviour could be the result
of the difference in the atomic arrangement. The energy transfer from the electronic excitations to the
atoms is more effective in Ni based alloys, as compared to Cu based alloys ; this may be related to the
higher density of states at the Fermi level in the former alloys.

Have collaborated to this work : A. Audouard, E. Balanzat, A. Barbu, 2. Devaud-Rzepski,
C. Dimitrov, A. Dunlop, J. Durai, G. Fuchs, J C . Jousset, D. Lesueur, N. Lorenzelli, G. Martin, L. Thome
and A.M. Waché. Ni3Fe alloys have been prepared by Y. Calvayiac (C.E.C.M. Vitry).
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Seitz and Ksehler [1] have shown that the temperature
of the lattice atoms of a metal may be raised up to 500 K after
an irradiation vrith heavy ions in the electronic stopping power
regime. Morever, after such an irradiation the cooling rate is
very high (lO12K/s). Thus if the solid is actually melt along
the ion path it is possible to freeze the liquid phase into an
amorphous one if the latter is stable.

Some experimental facts show that gallium is a good
candidate to verify this prediction :
1 - Its melting temperature Tn, is 303 K.
2 - The liquid phase is more dense than the solid one, which
avoids the superheating of the solid phase since Tn decreases
if the pressure is increased.
3 - It is the only pure metal which has a stable amorphous
phase for substrate temperature less than 16 K [2].
4 - It is known to become amorphous after a laser irradiation,
i.e. a high electronic exitation, for a cooling rate of order
of 1010K/S [3].
5 - The amorphous phase a-Ga and the usual crystalline a-Ga
phase are superconductors with different critical temperatures:
8.5 K for a-Ga and 1.1 for a-Ga. So, the in-situ resistance at
6K (or another temperature between 1.1 and 8.5K) will be the
parameter to be measured for making evident the possible amor-
phization (a-Ga -* a-Ga) .

For all these reasons we have undertaken a high energy
heavy-ion irradiation of pure gallium using a Xenon beam and
the sample resistance as the relevant parameter.

The irradiation was performed at helium temperature in
helium gas flow, using IRABAT facility. On the sample holder a
silicon plate (2,5x1x0,03 cm3 ) was mounted with two gallium
samples and one lead sample (fig. 1) which were all supplied
with contacts allowing the measurement of their resistance. One
of the gallium sample (Ga R) was a simple strip 35 p-ro thick,
0.42 mm wide and 17.5 mm long. The lead sample was very similar
and was used as a temperature sensor because its superconduc-
ting critical temperature (7.2 K) is in the range of interest.
The second Ga sample (Ga S) had a more complicated shape al-
lowing a larger length (68 mm) because it was thicker (65 tun).
The temperature was measured by a carbon glass resistor and a
thermocouple situated out of the irradiation area and another
thermocouple sticked on the rear face on the silicon plate.

The beam consisted of 1 2 9Xe ions of energy 27 MeV/A
delivered by GANIL. The flux received^by the sample was 108

ions/cm2.s. Such ions deposited 2 keV/A by electronic excita-
tions. Their projected range in gallium was calculated to be
150 p-m.
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The samples were irradiated during some (6 to 10)
periods 90s long separated by periods of 100s. During the
irradiation the temperature of the silicon plate was always
below 11 K. After the last 90s irradiation period the
measurements of the temperature and of the samples resistances
were performed several times. Then, another cycle of
irradiation and measurements began. Figure 2 gives the
variation of the resistivity increment àp versus the ion
fluence 0t for the sample Ga R up to the maximum fluence used
(1.6 x 1012 ions/cm2). It can be seen that this variation is

linear, and the slope of the straight line is ̂ - = (7±2)10"'4

M-Sl cm3/Xe. The behaviour of the other gallium sample is
similar. This linear behaviour shows that gallium has not been
amorphized by this irradiation.

For the discussion of these results the number of dis-
placed atoms by one Xe ion has been calculated following the
method outlined by G. Fuchs et al. [4] and was found equal to
Ndpa = 3*5 x 10"17 dpa cm2/Xe. Then we obtained the resistivity
increment normalized by Nd : 2000 nfi cm. Using the model of
Lucasson-Walker [5] the resistivity increment for one inter-
stical-vacancy pair is 3 500 nfi cm. The relatively good agree-
ment between these two values indicates that the defect produc-
tion that we have measured by the resistivity increase, results
from nuclear collisions. However, to be quite sure of that, an
electron irradiation have to be been done [6].

If experimental resistivity increase is due to nuclear
collisions, then the high electronic excitation is inefficient
in the damage production. Following the model of Seitz and
Koehler [l] we have calculated the path on which the electron
energy must be spread before the equilibrium temperature can be
reached between the electrons excited by the ion and the
lattice atoms. Using a cylindrical symmetry, after a fluence of
1.5 x 1012 Xe/cm2, the gallium sample will be completely
amorphized if each Xe ion can melt a cylinder of 5nm radius. If
we calculate the temperature with the aid of a square function
we find that the spreading of the electron energy on a cylinder
of radius equal to 130 nm would melt a gallium cylinder of 5 nm
radius. The experiment allows us to conclude that the electron
energy is spread on a distance larger than 130 nm. As the hot
electrons velocity is the order of the Fermi velocity [7, 8]
the hot electron diffusivity is larger than 2300 cm2/s for a
temperature lattice of 9 K. This value is clearly higher than
the first estimate of Seitz and Koehler.

[1] - F. Seitz and I.S. Koelher 1956, Solid State Physics II
(Academic Press) p. 305.

[2] - W. Buckel and R. Hilsch Z. Phys. 138 (1954) 109.
[3] - J. Frohlingsdorf and B. Stritzker, Mat. Res. Soc. Sl

(1986) 271 (ed. H. Kurz, G.L. Olson and J.M. Poate).
[4] - G. Fuchs, F. Studer, E. Balanzat, D. Groult, M. Toule-

monde and J.C. Jousset, Europhys. Lett. 3 (1987) 321.
[5] - P.G. Lucasson and R.M. Walker, Phys. Rev. 127 (1962)

1130.
[6] - P. Vajda, Rev. Mod. Phys. 49 (1977) 481.
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[7] - S.D. Brorson, J.G. Fujimoto and E.P. Ippen, Phys. Rev.
Lett. 59 (1987) 1962.

[8] - S.J. Lewandowski, E. Paumier, Y. Quéré, R. Sobolewski,
M. Toulemonde, J. Konopka, J. Durai, H. Bielska-Lewan-
dowska, P. Gierlowski, G. Jung and Jin-Yun-Fan, Euro-
phys. Lett. 6 (1988) 425.

• Experiment performed at GANXL National Laboratory, Caen.
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Fig. 2 : Variation of the resistivity increment âp as a

function of fluence 0t for Ga R sample at 6.9 K.
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StISSION FiWM HEAVY ION PENHmTION TOROUQl SOLIDS
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Institut fur Kernphysik der J.W.Goethe Universitat,
D6000 Frankfurt/M 90, Germany

The study of penetration of high energy (MeV), charged partie=
les through matter has been an important source of our understanding ©f the
atom and an important tool for experiment and analysis in sueh fields as
nuclear physics or atomic collisions in solids*. The iens traverse the
solid on an approximately straight path and dissipate their kinetic energy
mostly through interactions with electrons2. Thus, these electrons are
messengers of the ion/solid interactions processes and the tasH is to
translate their measured energy or angular distributions into physical
interpretation.

Electron ejection from ion-solid interaction is caused by many
superimposed production mechanisms which in turn deptnd on the charge and
excitation state of the ion prior to the "birth" ©f ttie electron i.e. the
ion preparation phase. After the birth the ejection is strongly influenced
by the transport of the electron inside the solid and - under certain con-
ditions - by their transmission through the surface of the solid. "Onus,
electron ejection is divided in four parts: 1. beam preparation, 2. elee-
tron production, 3. electron transport and 4. electron transmission
through the surface3 .

In a sequence of exciting and/or change changing prseecses, as
e.g. electron capture and electron loss, the projeetil© is prepared iat© a
specific state (q,E*), which is addressed in réf.* of ttieg© proceedings.
Thus prepared the projectile undergoes the electro» producing process5.
Since much of the energy, lost by the projectile during its penetration
through the target, is transferred to electrons6, the study of sisch elec-
trons is particularly well suited to expose details of the icn/solid inter-
action mechanisms. Infact, the total electron yield has been found to be
proportional to the electronic stopping power7 even under charge pre-equi-
librium conditions. Electron production is dominated by the following me-
chanisms'1 :
ad 1. Direct ionization of the target atom by the projectile nucleus
("delta" electrons). If the projectile carries electrons into the colli-
sion, these electrons may screen the projectile nuclear charge and thus
weaken the interaction potential, or the projectile electrons can be exci-
ted simultaneously with the target ionization by interactions between the
target and the projectile.
ad 2. Capture of bound target electrons into a continuum state of the pro=
jectile (ECC i.e. electron capture into the continuum),
ad 3. Direct ionization of the projectile with the target nucleus (EDS i.e.
electron loss to the continuum) mediated bi the Coulomb interaction between
the projectile and th© target electrons. Their velocity speetra in the
laboratory frame exhibit a sharp cusp-shaped peak centred at an electron
vector velocity Ve which mâches the projectile vector velocity vP.
A rather large fraction of all measured electrons are produced as "cusp"
electrons, as electrons from #2 and #3 are referred to because of their
shape. Fig. 1 gives an example of a cusp electron velocity spectrum from Ni
(900 MeV) penetrating thin (3<ex<1100 (jg/cm2) carbon foils. The target
thickness dependence of energy, intensity and shape of the cusp structure
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is clearly seen; as the energy loss of the projectile increases with in-
creasing target thickness so decreases the emerging Ni velocity at the exit
surface of the target together with the cusp electron velocity Vo and thus
V6 can provide an acurate measure of the actual ion velocity vp.

Fig. 1. Zero degree
velocity spectrum of
electrons from Ni*28

(15.6 HeV/u) penetration
through thin (3<QX<1100
ng/cm2)carbon9 .
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ad 4. Emission of autoionization and Auger or Coster-Kronig electrons du-
ring the rearrangement of ionized and excited electronic states of both the
collision partners yielding discrete structures in the spectra10.

During their transport from the "birthplace" to the exit sur-
face the electrons suffer mostly collisions with the target electrons (ine-
lastic scattering, including plasmon excitation ) and with the target atoms
(elastic scattering)11.

The collective response of the electron plasma of the solid to
a penetrating swift ion results in electron density fluctuations with axial
symmetry around the beam axis12 • Characteristic for this dynamic polarisa-
tion "wake" * is its propagation as cones of Mach shock waves through the
solid13 • Wake effects have been observed over a wide projectile velocity
range14, i.e. 10 keV/u < vP

z < 35 MeV/u. Furthermore the emission of elec-
trons from the single-electron deexcitation of heavy ion induced plasmons,
a collective effect closely related to the wake phenomenon, has been iden-
tified15 in solid foils16. It has been predicted17 and shown experimental-
Iyia,i9 that the wake leads to the directed emission of "shock electrons"
in the characteristic direction perpendicular to the shock wave front.

Shock electrons are detected as a structure in the angular dis-
tribution of secondary electrons at energies around 5 eV- superimposed on
the true secondary electron background20. The connection between the pre-
ferential emission angle ©em and the projectile velocity vP is given with
the plasmon energy h® and the shock wave velocity vs by the Mach relation-
ship: ©em = arc cos (Vs /vp) . Fig. 3 demonstrates that the experimental
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data can indeed be well represented by the Mach relationship if we account
for their refraction at the planar surface barrier (barrier height U).

It should be mentioned that another interesting, possible con-
sequence, analogous to shock electron emission, is the emission of photons
fran the shock front2 *. Also the question is addressed what the dependence
is of wake effects on the temperature, in particular in superconducting
matter2 2.

Fig. 2 Coincident convoy
electron yield Ye (qi ,q)
as a function of target
tliickness ex and out-
going charge state q.
The fraction of ECC- and
ELC-contribution is
given for Ye (qi =28, q=28)
(dashed lines). The
solid lines indicate tiie
Ye -dependence on the
transport nxxiel (solid
lines) 3.

f 10
N! <15.©M©V/u) o C-FOiL

2OO 4OO 6OO
TARGET THICKNESS ex CMg/cro*3 — — -

It is important to note, that many of these a.m. phenomena
depend stongly on the transmission through the surface and thereby on the
surface condition, i.e. its cleanliness (surface barrier) and smoothness23.

Preparation and production of electrons can be characterised by
cross sections or by the transport length for each process. When an elec-
tron is "born" the transport to the exit surface can be described by simi-
lar approaches i.e. a transport length, as the penetration of monoenerge-
tic, isotachic free electron through solids3. The convolution of all such
above mentioned processes than yields the measured electron distributions
(compare fig. 2). The connection between the inelastic and elastic mean
free paths, Xi and Xs respectively, and the mean transport length for con-
voy electrons Xc depends sensitively on the properties of the transport
model. In contrast to light ions the analysis of convoy electron data of
heavy ions - including the preparation, the production and the transport
mechanisms - shows surprisingly an enhanced transport length2*, enhanced
compared with free, isotachic electrons in the same material3. Electrons
penetrating the solid in convoy with swift, heavy ions experience a coulomb
focusing and thereby an increased transport length which effects both the
angular (elastic) and the energy (inelastic) distribution of the measured
convoy electrons3

;
23.
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Electrons emitted from ion-solid penetration reveal details of
the collision processes in solids, the transport and the transmission pro-
perties of electrons associated with the ion. The mean free paths for char-
ge exchange (electron capture and loss) are in the order of practical foil
thicknesses. Both single collision properties and collective excitation
coin the ejected measured electrons1<2. The advantage of experimenting at
high projectile velocities are: The transport lengths become experimentally
easier accessible14, thus interaction processes can be studied under quasi-
single collision conditions. The mostly bare ions facilitate the interpre-
tation since fewer electronic states are populated. Furthermore, many phe-
nomena depend on Zn (with n > 1 ) so that with higher Z-projectiles the
effects to be studied are significantly enhanced. The dwell-time of an ion
in the solid at such high velocities can

Fig. 3. Emission angle
of shock electrons 6em
and projectile velocity
Vp (o: experimental
data, solid line: calcu-
lation)25.

2 4 6 8
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be in the order of inner-shell lifetimes and in the order of l/«p, op being
the plasma frequency of the solid.

This work has been funded by the German Federal Minister for Research and
Technology (BMFT) under the contract number 060F173/2 Ti 476, and
GSI/Darmstadt, DFG/Bonn and NSF/Washington.
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CHARGE STATE EVOLUTION AND CONVOY ELECTRON PRODUCTION IN ION SOLID
INTERACTION*

R.SCHRAMM, W.OSWALD, and H.-D.BETZ

Sektion Physik, Universitât Munchen, 8046 Garching. W.Germany

Inelastic scattering events of projectile ions with atoms of either gas-
eous or solid targets can lead to charge-exchange, ionization, excitation
and deexcitation processes. In this work we determined the associated cross
sections by combining X-ray-spectroscopy and charge state measurements. We
used the collision system 125 MeV St* ~»C, with initial charge states rang-
ing from q=9 to 16, and considered all relevant charge- and excitation sta-
tes of the projectile ions. In a first step, we reconstructed the evolution
of these states during passage of the ions through the carbon foils. In a
second step, the resulting information was exploited to model quantitative-
ly the production of convoy electrons emergimg from the foils.

Charge- and excitation states of ions inside solids can be described by
a system of linear differential equations

(1) dPi/dx = E (PjOji - P . O I J ) ,

j

where x denotes the traversed target thickness and the cross sections o\ j
describe transitions between states i and j. We restrict the system to 20
different states and 157 transitions between these states. The coupled
equations (1) have been solved numerically to obtain calculated yields
which were compared with the experimental ones. The 157 values of Ct > were
divided into no more than 13 subgroups and a single free adjustment parame-
ter was assigned to each group. In a least-squares-fitting procedure these
parameters have been optimized, whereby aJi available experimental data en-
tered simultaneously. Starting values a have been calculated from advanced
theories for the various processes [1].

For the investigated collision system, it turns out that the "optimized"
cross-sections for encounters inside the solid agree within some 20% with
the values valid for single collision conditions. Furthermore, we find that
high angular momentum states are populated to an extent which can not be
understood on the basis of isolated ion-atom interaction. This may be
understood, perhaps, from the high collision frequency inside solids, where
spontaneous deexcitation processes are suppressed in favour of ionization
processes.

As a further result, we can show that the state calculations from above
can be successfully employed to describe convoy electron yields as a func-
tion of target thickness, and for various incident charge states of the
sulphur ions. We base our calculation on the assumption that both loss and
capture processes contribute to the production of convoy electrons, and
that convoy electrons are subject to scattering out of the forward direc-
tion. At each position inside the foil, the number of convoy electrons
Yq(x') can be determined from the rate equation



(2) Yq(X') =
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X
dNq(x')/dx' *exp(-lx-x')Mc> dx'

where dMq(x') reflects the number of electrons per unit foil thickness ion-
ized (ELC) or captured (ECC) into the continuum, and the exponential func-
tion takes care of the escape probability for these electrons, where A c
denotes the relevant mean free path. In this way, the relative convoy elec-
tron yield can be calculated and fitied to the experimental data [2), as a
function of target thickness and incident charge of the projectile ion.

The escape length Ac is treated as a free parameter, as well as the
"branching ratio" R between convoy electrons arising from ECC-events and
ELC-processes, R=YF(.c/Yecc. The mean free path of convoy electrons obtained
here exceeds for yet unknown reasons the one derived from free electron
scattering by a factor of »10. For target thicknesses where the convoy
yield becomes equilibrated, the ratio R reaches a value of approximately 2.
Alltogether, we can state that with only two parameters Eg. (2) allows to
reproduce our experimental convoy data quite well, simultaneously for all
the various incident charge states (Fig. I).

For a long time it is known experimentally that the stopping power dE/dx
of heavy ions is quite independent of whether the ions traverse either gas-
eous or solid targets E 3] . As dE/dx scales in proportion to the square of
the effective charge of the projectile ions inside the target, this charge
must be quite similar inside solid and gaseous targets.,However, charge
state measurements of heavy ions behind solid and gaseous targets indicate
that the mean charge behind foils, qs, exceeds the one behind gases, qg,
often by substantial amounts. In order to investigate to what extend convoy
electrons may be responsible for possible screening of the projectile ion
inside the solid, we determined experimentally the angular distribution of
convoy electrons for all projectiles and obtained absolute electron yields
per incident particle. It has been found that even the heaviest investiga-
ted projectiles (110 MeV Br'+) carry only =1 electron per ion. In this col-
lision system, however, qs exceeds qg by 6 units of charge. Evidently, con-
voy electrons do not contribute enough. Experiments must be extended to
find out whether Auger-electrons occur in sufficient numbers outside the
small angular cone in the forward direction, which has been used in the
present observations.

* This work was partially supported by BMFT, Bonn, under contract No.
6ML177I.
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Fig.I. Experimental (data points) and calculated (solid lines) convoy
electron yields as a function of target thickness and incident
projectile charge state when 125 HeV sulphur ions (q=10 to 16)
traverse carbon foils.
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During the past several decades considerable effort has been
devoted to the understanding of the fundamental proce-se. of ionizatioa ia
fast atomic collisions. It has been shown previously (1) that electron
emission from He by 5-MeV H" impact is well described by the plane wave
Born approximation <PWI>A> with a final state (continuum) wave function
centered at the target. This one monter picture Is valid for fast, low
Z-ions whos»e effect on the ejected electron mriy be considered as a snail
perturbation. However, for highly charged projectiles it Is expected
that ot the second (Coulombic) center has an influence beyond first-
order perturbation. The purpose ol this work Is to study both
experimentally and theoretically the two-center aspect of electron
emission in collisions with fast, multiply charged projectiles. It is
shown that two-center electron emission is important for ions with
energies in the GeV range.

The experiments were carried out at the "LISE" beam line of
the GANIL* accelerator facility, Caen, using the electron spectroscopy
apparatus <2> from the HMI, Berlin, The energy and angular distributions
were measured for electrons produced by 25-MeV MoAC"* incident on He
under single-collision conditions. Electrons were observed over an
angular range from 20° to 160° and an energy ranjre from 2 eV to 5 fceV
giving absolute doubly differential cross sections. Fig. 1 shows typical
results which have been divided by corresp^r.-iing cross sections
evaluated from the Born approximation using methods similar as described
in Ref. 1. The Born results are to be considered as data for 2b-MeV H*
impact multiplied by 1600, i.e. using the o- scaling law of the PWBA.
Moreover cross sections for Mo"11' and H' impact w<sre evaluated by «Beans
of the continuum distorted wave <CDV) approximation <3>. The CDV
approach employe a two-center wave function in the final state to
account for the Influence of the projectile beyond first-order perturba-
tion theory.

Vith respect to the scaled H' data, the experimental cross
sections for Mo"1" impact are significantly reduced at b&cKward angles
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and enhanced at forward angles. This finding is in agreement with the
predicted influence of the second center on the ejected electron as
shown by the CDV calculatins. The two-center effect is seen to increase
with increasing electron energy, and this may be understood from the
fact that a fast electorn probes the two-center aspect of a rapidly
disintegrating collision system more strongly than an electron emerging
slowly from the target.

10.0

0.2

0.1

25-MeWu Mo4 0 'on He

20e

• • Exph/PWBA

COW-EIS
150°

i i i i 1 1 i i 11 m l I I I I I m l
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Electron Energy IeV)

Fig. 1 : Ratio of cross sections for electron
production by 25-HeV/u Mo"»°~ and H* impact.

Observation angles are 20* and 150°
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Experiments using highly charged slow ions have become a major tool to study the behavior of inner

shells during the formation of quasimolecules. A coherent superposition cf transfer • and coupling -

amplitudes can produce an interference in the impact parameter dependence of the K - K Transfer

probability and the X - ray energy dependence of the emission probability of quasimolecular radiation.

These structures were found in a number of experiments using decelerated hydrogenie ions colliding

with thin gas targets [1,2,3,4]. To study the formation of superheavy systems and to investigate the

influence of nuclear reactions on these interference structures these experiments have to be extended

to larger atomic numbers and to smaller impact parameters. Furthermore the absence of suitable high

- Z gas targets and the expected small event rates when dealing with nuclear cross sections requires

the use of solid targets.

We have measured the probability for the existence of a K - vacancy after the collision in target

and projectile with H - like and Li - like Krypton ions colliding with a 5.9 fig/cm2 Molybnium

target for impact parameters ranging from 700 fm down to nuclear grazing. The emission probability

for quasimolecular X - rays was measured at energies between 25 keV and 90 keV at fixed impact

parameters with H - like Kr ions. The 5.5 MeV/nucl. Kr33+ and Kr3 5 + beam was produced at the

UNILAC accelerator at GSI, Darmstadt using the acceleration - stripping - deceleration method.

The impact parameter dependence was achieved by an X - ray - particle coincidence technique.

Ions scattered between 0.3° - 2.7° were detected with a parallel plate avalanche detector with an

angular resolution of 5 %. A multiwire proportional counter was used for the detection of particles

scattered between 10° - 60°. This detector was designed to measure kinematic coincidences between

recoil ions and scattered projectiles. X - ray detection was performed with two Ge(I) detector» giving

us a total solid angle of 12 %.

For collisions of Kr3 5 + —• Mo the original number of K - vacancies remained largely constant in

the impact parameter range being investigated. Fig. 1 shows the measured ratio of K - vacancy

probabilities, P M O(&)/.PK>(&) for collisions with H - like Kr. The dotted line is the result of a three

state calculation following the method of Piacentini and Salin [5], including lsff - 2psr and 2p«r - 2pjr
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Figure 1: Ratio of K - vacancy

prob-

abilities. A : Kr35+ -* Mo,

O : Kr33+-* Mo.
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Figure 2: Photon emission prob-

abilities for elastic collisions of

Kr35+ —• Mo at impact parame-

ters between 503 fm and 734 fm.
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rotational coupling and Isa - 2pu radial coupling. The main features of the measured quantities can

be explained by this calculation while there are still some significant deviations.

For comparision the K - vacancy production in projectile and target has been measured with

Kr33"1" — Mo at the same collision energy. The impact parameter dependence of the total K - vacancy

production shows the same still not fully understood deviations from the 2pcr - 2pr rotational coupling

model which were observed before with solid target measurements of K - ionisation [6]. The ratio of

K - vacancy probabilities PMo(b)/PKr(b) for collisions with Li - like Kr ions (open circles in Fig. 1)

is significantly different from those observed for H - like Kr ions.

Fig. 2 shows the measured photon emission probabilities for elastic collisions at impact parameters

between 503 fm and 734 fm for collisions of Kr3 5 + —» Mo. The X - ray energy dependence shows no

interference structure. Calculations employing the Airy funktion model within the Uniform Assymp°

totic Approximation indicated that only one minimum of the interference structure can be expected.

This is positioned in the energy range of the characteristic K - lines of the projectiles and therefore can

not be observed. To come across the Coulomb barrière we choose a collision energy of 5.5 MeV/nuc]..

The minimum will shift into the observable energy range and the interference structure will become

more distinct for lower collision energies.

Fig. 3 shows the measured photon emission probabilities for collisions of Kr35+ —* Mo in coin-

cidence with inelastic reactions, which were separated from elastic scattering events by additional



Figure 3: Photon emission prob-
abilities for A'r3s+ ~* Mo in
coincidence with inelastic colli-

sions.

Ex!keV!

particle - particle coincidences. The emission probabilities are larger by two orders of magnitude com-
pared with those measured for elastic scattering. This indicates that the major number of events in
Fig. 3 result from Compton scattered 7 rays from the nuclear reactions which cover the quasimolecular
X - rays.

This work was supported by Bundesminister fiir Forschung und Technologie.
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Beam-foil spectroscopy has given a lot of results on structure of highly
ionized atoms. Much less information is available regarding the effect of the solid
target on the population distribution of foil excited states Recent beam-foil
studies (1,21 at intermediate ion beam energies revealed that not only the
emergent average change state is higher with carbon than with gases or metal
but also the light yield and the cascade contributions are modified. Interpretations
based on bulk and last-layer interactions and on resonance-enhanced populations
[3] are not completely conclusive At high energies (MeV/A) non-equilibrated
charge distribution can be observed in the beam transmitted through thin
targets. Charge and excitation states vary as a function of foil thickness, Results
can be analyzed in terms of capture and loss cross-sections as for gas targets
Experiments with light projectiles (H, He*. H+. Ho*) at about 1 MeV/A gave new
information about capture and excitation processes in the target from comparison
between charge state and photon yield (4). Density effect for a fast few electron
projectiles has been investigated (3,6] by analyzing the emergent charge
fractions and excited state populations from a variety of target thicknesses, It has
been argued that the higher average charge state observed with a solid target is
due to a decrease of the cross-section for electron capture and an increase of the
electron-loss cross-section arising because some of ions enter collision? in excited
states. This increase can be quantified by performing s direct measurement of
absolute excited state populations [7],

In the experiment reported in this paper, we have measured the
changes of 2p populations in He-, Li- and Be-like krypton ions emerging at 35
MeVVA from carbon foils with 5 to 1000 )Lg/cm2 thickness, when different
incident charge states are used. Our first reasons for doing so were to determine
the best combination of incident charge state and foil thickness (and material) for
a better measurement of atomic structure in highly charged ions where large
relativistic and quantum electrodynamics effects can be studied. These studies are
pursued by photon spectroscopy of 2s-2p transitions mainly in He- and Li-like
heavy ions [8,9]. Good experimental conditions are found when spectral lines of
interest are intense and when possible blends by other charge states transitions
are suppressed. Before any atomic structure measurement, the choices of right
target thickness and incident beam are essential preliminaries.

The spectrometer used for these experiments had to satisfy both
requirements of good efficiency in the relevant wavelength range (50-120 A) and
of sufficient spectral resolution to discriminate against decays arising from
excited states of different charge state ions. Moreover the optics had to be
compatible with lifetime of upper levels of the studied transitions. It was a
grazing incidence monochromator (Mc Pherson 247) with a 660 lines/mm
aluminum-coated grating blazed at V 4' (2,2 m diameter. «*S6* ), modified to hold a
surface sensitive detector which was a MicroChannel plate with a resistive anode
encoded in place of the exit slit. The spectrometer entrance slits were set to
100 (lm. The emitted photons were viewed at »90* to the beam direction The
target holder had apertures of 10 mm in diameter and were mounted on a wheel
The beams of 35 MeVYA Kr26+ were produced by the GANIL Further stripping
and charge state selection ?re performed by the achromatic double magnetic
spectrometer (the LISE beam line). Charges 26* to 36* were produced in various
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fractions depending on stripped foil thicknesses and material In this experiment
charge states 32+, 33* and 34* have been successively selected and sent through
the excited target

When the lifetime of studied excited level is very short, the light
intensity recorded by the spectrometer depends greatly on the foil position so that
generally the level populations are deduced by integrating light from the decay
curve of transition as a function of target foil position As the lifetime of levels
we have studied are long, it was not necessary to do that and instead we measure
the intensity from a fixed volume of ion beam downstream the foil No correction
has been ma'4? for possible polarization and cascades

The intensities of emerging Is2 2s 2S|/2 - Is2 2p 2Py 2 transition have
been measured as a function of foil thickness, for beams of incident 35 MeWA
Kr32 ^ ^

Fig. I.
o too ioo too *oo Soo roll thit,knt»

Intensity of the 2s-2p Kr XXXiV transition (On; is the depopulation total cross-
section of the level n).

To extract cross-sections, one used a least-squares fit of calculated
cross-sections to the thickness-dependent intensities (Figs. 1.2) Since many
unknown cross-sections are to be determined, one must measure intensities for
many foils thicknesses of which are such that several charge states of interest are
present. In our model we take only four levels into account : the three ground
states 32*, 33* and 34* and the 2p excited states of 33* Concerned cross-sections
are indicated in Figs. 1 and 2

10©-

îô rJl*tk£ckht33
Fig. 2. Intensity of the 2s-2p Kr XXXIV transition (On; is the depopulation total cross-

section of the level ni.



The intensity curves obtained with incident *2* and îî* charge states
have been analyzed simultaneously because electron loss is the more important
process in both cases_The charge states W and 33* are far from the mean charge
state at equilibrium q=35 & and then electron capture is weak. The variations of
2p-2s transition intensities are expressed as a difference of exponentials in the
case of incident Kr33* and as a sum of two differences of exponentials in the case
of incident Kr32* where x is the foil thickness, p the carbon-foil density

Tentative values for cross-sections deduced from this fit are
On» = 3SxIO"20 cm2 . it is mainly electron loss for ICr32*
o , U 19-10-2« cm 2 .
O2i- 17x10-20cra2

On] is the total cross-section for depopulation of level a. and 0, 1, 2 and 3 s>re for
32*, 33+(2s). 33+(2p) and 34* respectively

Simultaneous stripping and excitation OQ2 has been found negligible.
The fact that O n ^ i is explained by the identity of principal quantum number
n=2 for both initial states 1 and 2.

The analysis of the variation of 2s-2p intensity in the case of Kr
incident ions is somewhat more complex as capture is becoming more important
Cross-sections for stripping and capture are found to be weak 2 3"10*21 cm2 and
2.9vlO"21 cm2 respectively

These results are consistent with general trends for electron loss cross
sections. It is known that the probability O (q. q+1 ) decreases when the ions are in
higher charge, more especially with light targets Moreover these decreases are
more important when changing of shell From cross-sections obtained by Bohr
and Lindhard (10) for capture from one electron target atoms. Kundsen et al. I l l ]
has deduced an expression for heavy target atoms The result of calculation
applied to Kr34* is Of=l 3*10"20 cm2. Cross-section for electron loss by one
electron ions calculated for Kr3'* from formula of Dmitriev [121 is o f»l 5*10"2O
cm2. In several electron systems the cross-sections are more difficult to calculate

It is worthy of note that analysis of variations of 2p populations versus
foil thickness gives information on loss and capture cross-sections even without
knowing the detection efficiency. More on excitation cross-sections could be
deduced from linear part of intensity curves measured with thin foils if absolute
calibration of monochromator would be possible.

Similar variations of population with foil thickness were found for the
helium-like Is 2p 3P2 and the berryllium-like 2s2 2s 2p 1Pj and 2p2 3Pj levels.
Results concerning these systems will be presented and discussed at the S.H.I M
Conference.
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MULTIPLE IONIZATION OF RARE CASES TARGET ATOMS BY 27MeV/amu
Xe 52+ and 35 MeV/amu Kr 36+ ions. 1"

D. HENNECART
J.P. GRANDlN**

X. HUSSON*. D. LECLER*, I. LESTEVEN -VAÏSSE* and

Laboratoire de Spectroscopie Atomique associé au C.N.R.S. n° 19 - ISHRa -F-TtO32 CAEN CEDEX
**CIRIL rue Claude Bloch, BP 5133 -F-TfOW CAEN CEDEX.

Multiple ionization of neutral target atoms by swift multicharged
heavy ions has been a field of increasing research activity during the past
decade. Such an interest was mainly justified by the high potential advan-
tages, for atomic physics experiments, of the very low energy recoil ions
which are produced in these collisions. Since target ionisation is well known
to be the dominant mechanism for the exchange of energy in swift heavy
ion atom collisions in the range of energies considered, the knowledge of
multiple ionisation cross sections may also be of interest in connection with
several aspects of the physics of swift heavy ions interaction with matter,
such as slowing down and damage production in solid targets.

In this contribution, we want to report on the experimental deter-
mination of absolute effective cross sections for multiple ionization of Ne and
Ar atoms by 27MeV/amu Xe 52+ ions. He, Ne and Ar atoms by 35MeV/amu
Kr 36+ ions. For each projectile-target pair we have used a two-steps expe-
rimental procedure. In a first time, relative production rates for the diffe-
rent charge states of the target were determined. This determination was
made by the use of a conventional time of flight (T.O.F.) spectrometer [ 1 ,
2, 3] . Recoil ions are extracted by an electric field from the place where
they are produced and detected after a T.O.F. which is a linear function
of the square root of their mass to charge ratio. T.O.F. spectra display
then a series of peaks corresponding to the different charge states of the
target. Relative production rates may be deduced from the comparison of
the area of the different peaks. In principle absolute cross secctions should
be obtained directly from T.O.F. experiments provided that the efficiency
of the spectrometer and the pressure of the target could be determined with
a sufficient precision. Practically we have choosen to proceed in a different
way. In a second time the absolute total cross section for charge produc-
tion was determined by measuring simultaneously the intensity of the pro-
jectile beam and the total current of secondary ions that it produces, when
passing between the plates of a biased condenser filled with a well determi-
ned pressure of the target gas [4] . This quantity may be written : 2 q crq

where c?q is the absolute cross section for the production of target recoil
ions of charge q. Values of S q crq for various projectiles and targets

are given in table 1. (in 10 "l6cm z ) .

Xe52 + 27MeV/amu

Kr 36+35MeV/amu

He

25.2

20.5

Ne

73.4

43

A

171

95

Kr

241

131

Table I

"'"Experiment performed at CANIL National Laboratory Caen-France.
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Comparison of the values of table I to the total weighted surface
of the corresponding T.O.F. spectrum then allows the determination of the

various crq. o_ values are displayed on figure I for argon and on figure
Il for neon.

No theoretical values are available for comparison to these experi-
mental determinations, except in the case of helium target where simple theo-
retical models may be used.

Single and double ionization cross sections of He by 35MeV/amu
Kr 36* ions are compared in table Il to theoretical values calculated follo-
wing the results of ref. [5] , given in A2

<* X

Experimental (this work) Theoretical [5 ]

19 11

0.74 0.7

Table Il
The agreement between theory and experiment is not perfect but

one must notice that our projectile charge and energy fall slightly out of
the claimed field of validity of ref. [5] . The 27MeV7amu Xe 52+ ions ful-
fil on the other hand perfectly these conditions of validity and we found a
good agreement between the calculated 27.9 A2 and the measured 25.2 A2

for the total charge production cross section in He by this projectile.

[1] J.P. GRANDIN, D. HENNECART, X. HUSSON. D. LECLER, I. LESTE-
VEN-VAÏSSE and D. LISFI.
Europhys. Lett. 6 (1988) 683.

[2] S. KELBCH, J. ULLRICH. R. MANN, P. RICHARD and H. SCHMIDT
BOCKING
J. Phys. B 18 (1985) 323.

[3] S. KELBCH. J. ULLRICH. W. RAUCH, H, SCHMIDT BOCKING, M.
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KINETICS OF MULTICHARGED RECOIL IONS PRODUCED IN SWIFT HEAVY
ION ATOM COLLISIONS +

J.P. CRANDIN1*. D. HENNECART**. X. HUSSON**, D. LECLER** and I.
LESTEVEN-VAÏSSE** .

*CIRIL rue Claude Bioch, BP 5133 -F-TKWO CAEN CEDEX.
"^laboratoire de Spectroscopie Atomique associé au C.N.R.S. n° 39 - ISMRa -F-TtO32 CAEN CEDEX.

Angular and velocity distributions of low energy multicharged re-
coil ions, which are well known to be produced by sending a highly charged
and energetic ion beam through an atomic gaz target, have long been the
subject of only simple assessements based on the use of an etastic scattering
model for ionizing collisions [ I ] . Experimental and theoretical works aiming
to a detailed, analysis of recoil velocities have only very recently been car-
ried on [2-5]. There is indeed a twofold motivation for that :

-Firstly, the momentum transfered to the recoiling ion seems to
be the best parameter to be used for characterizing the strength of such
collisions, for which the projectile scattering angle in the laboratory frame
is much too small to be measured.

- Secondly, the knowledge of recoil ion velocity distribution is of
fundamental interest for the use of these ions in atomic physics low energy
experiments.

We describe here the determination,by the use of a simple time of
flight (T.O.F.) spectrometer, of average recoil energies for Ne 7* to 9* and
Ar 9 * to 16* ions, produced by 27 Mev/amu Xe 52* projectile ions.

T.O.F. spectrometry is a currently used method for charge state
analysis of low energy recoil ions. It takes advantage of the fact that, when
extracted by an electric field from the place where they are produced, re-
coil ions may be detected at a distance from this place, after a T.O.F.
which is proportional to the square root of their mass to charge ratio. T.O.F.
spectra appear then as a series of peaks corresponding to the various
charge states of the target atom. A sketch of our T.O.F. spectrometer is
given on fiqure I.

incident

Scheme of the T.O.F. spectrometer
E and E1 electric fields
D1 and D2 microchannel plate detectors
for projectile and recoil tons.

^Experiment performed at CANIL National Laboratory, Caen, France.
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It is well known that peaks and thus charge states resolution of
such an apparatus is limited by T.O.F. fluctuations, due to the dispersion
of the initial position X0 and velocity v0 values, of analysed ions. It is also
well known [6] that the fulfilment of certain conditions by fields E and E1

and distances X1.X2 and X3 (see figure I) may procure time focusing pro-
perties to such a spectrometer. Under these conditions the ions' T.O.F. be-
comes at f i rst order independent on their initial position x 0 . We have fur-
thermore shown that under the some conditions and for each charge state,
the T.O.F. of an ion becomes a linear function of its initial velocity compo-
nent V0x along the extraction axis. This is equivalent to say that T.O.F.
peak profiles reflect the distribution of recoil ions initial velocity components
along the extraction axis.

- 16 I
I1VI
I

j;
J;
f.

I J

' I
I" v|

ICO r>5

A

FIGURE Il
Parts of a T.O.F. spectrum of argon recoils

Figure Il displays parts of a T.O.F. spectrum recorded in these
conditions. In order to get some informations about recoil energies from the
analysis of such spectra we based on the three following assumptions a sim-
ple model for recoil ions velocity distributions.

- Recoil ions are supposed to be emitted perpendicularly to the
beam direction (V02=O).

- In a plane perpendicular to the beam direction the distribution
of recoil velocities is supposed to be isotropic.

- Along one direction of such a plane and for a given charge the
distribution function of recoil velocities f ( v 0 ) is supposed to be a gaussian
of center V0 and half width w at 1/e .

The distribution function of recoil velocity components along ox
axis may then be written

Oy and oy is the direction perpendicular to the plane of f i -(where v^ =v^x+
gure I )

Theoretical peak_profiles, calculated along these lines and for dif-
ferent values of the ratio V0 /w , are displayed by figure I I I .

The values given by table I which constitute the f irst determina-
tion of recoil kinetic energies for ions produced in the energy domain
of CANIL were obtained by f i t t ing expression (1) on experimental profiles
of figure I I . For charge states lower than 9* for argon and 7* for neon,re-
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coil energies are smaller than the 25 10"3eV thermal energy of the target
gas and our model fails to work.

FIGURE III
Aspect of theoretical T.O.F. peak profiles calculated for different
v0/w values (indicated in brackets).

Argon Neon

9 79 (5) 7 102 (3)
10 216 (4) 8 257 (70)
11 515 (22) 9 791
12 993 (105)
13 2208 (240)
14 3970 (330)
15 6823
16 7800

Table I

(values in 10 '3 ev)

Let us notice at last that in the T.O.F. spectometer sketched on
figure I, the recoil ion movements along oy and oz axis are uniform with
velocities vOy and vOz . The localization of the impact point fo the recoil ion
on microchannel-plates detector D2 , should then, together with T.O.F. mea-
surements, allow simultaneously the determination of the three components
of the initial velocity for any detected recoil ion.
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COINCIDENT CONVOY ELECTRON PRODUCTION AND TRANSPORT IN THIN SOLIDS*

J.Kemmler+, O.Heil+, N.Keller*, P.Koschar*, H.Rothard*, K.Kroneberger*,
I. A. Sellin15, K. O. Groeneveld+

* Institut fiir Kernphysik der J.W.Goethe Université't, D-6000 Frankfurt/M,
Germany
s University of Tennessee and Oak Ridge National Lab. Oak Ridge/USA

Heavy ion induced electron emission under single collision conditions
cannot easily be compared with electrons ©flitted in ion-atom-collisions in
solids. One important difference is the influence of rapidly changing pro-
jectile charge states and the population of excited states inside the so-
lid, leading to different ionization and excitation cross sections for
projectile electron loss and target electron capture cross sections. Fur-
thermore the transport of the ionized electrons to the surface of the solid
becomes important.

It is generally accepted that convoy electrons, i.e. electrons with
the same direction and velocity as the projectile ion (ve=vP), are produced
inside the solid [I]. They dominate the electron spectrum under an observa-
tion angle of 0=0° with their cusp shaped peak form. In recent experiments
is has been found that a deeper understanding of the conditions for their
occurrence in ion-solid interactions is encouraged by dividing the whole
process in four consecutive phases: The preparation of the projectile ion,
the birth of the convoy electron, the transport of these electrons and the
transmission through the surface of the solid [2].

The projectile ion charge and excitation state changes frequently due
to charge exchange processes during the passage of the ion through the so=
lid. Convoy electron formation at a certain point inside the solid takes
place according to actually prepared electronic state uf the projectile
ion. In the case of heavy projectile ions, reliable information concerning
the production mechanism in relation to the projectile charge stats can
only be obtained with a coincidence between the electron and the outgoing
charge state selected projectile ion.

Convoy electrons produced inside the solid suffer inelastic and elas-
tic collisions with target electrons and target atoms. Their behavior on
the way towards the surface can generally be parametrized by a mean trans-
port length Xc. The dependence of Xc on the inelastic and elastic mean free
paths of monoenergetic free electrons, Xi and Xs respectively, is strongly
related to the type of transport model [2].

The model presented in ref. [2] and [3] is capable to describe the
convoy electron yield Ye for light and heavy projectile ions in a consis-
tent way as a function of the projectile velocity vP and charge state q of
the projectile ion.

However, effort has to be spent in understanding the shape of the
doubly differential convoy electron distribution. According to the model
from ref. [2],[3] it has been shown that for small acceptance angles Ml of
the electron spectrometer only the elastic electron scattering contribution
should behave as a yes/no process, i.e. one scattering event is sufficient
to expel the convoy electron from the acceptance cone of the electron spec-
trometer. This is not true for the inelastically scattered electrons which
have still a chance to be detected over a certain range of electron ener-
gies. These additionally registered electrons change both the yield Ye and
the shape of the measured convoy electron distribution.

It has been shown that specially the charge preequilibrium delivers
important information on the dynamics of convoy electron production [4].
For light projectile ions this condition can only be accessed in a very
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thin target thickness range. Here the application of heavy projectile ions
with much smaller charge exchange cross sections brings several advantages
for the detailed study of the doubly differential convoy electron distri-
bution. Furthermore, with fast and heavy projectile ions a strongly enhan-
ced transport length Xc for convoy electrons was discovered [3]. Using such
a collision system we have the possibility to study the shape of the double
differential convoy electron distributions for target thicknesses both x<Xc
and x>Xc.

Tab. 1: FUHM T1, and Tx An [a. a. J ^c
a* a function. O^ *a*s&t thicten&irô
14%.
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For this purpose the double differential electron distributions for
Ni28+ and Ni27+ (15.6 MeV/u) from the UNItAC at GSI/Darmstadt were measured



for different specific target thicknesses (QX~3, IQ, 40, 1100 yg/cm2). Fig.
1 displays the contour lines for the thickest target in the ease of inci-
dent Ni 2 8 +.

Generally the convoy electron distributions are smaller in the direc-
tion V1, than in the direction v±. This is on one hand caused by the un-
derlying production mechanism for the convoy electrons, i.e. ECC or ELC
events, but on the other hand a consequence of the shape of the resolution
volume of the electron spectrometer. We find that for the thicker targets
the tail of the distribution is more pronounced in direction vA than for
the thinner targets. The centre area is similar in both cases. These elec-
trons, filling with increasing target thickness the tail of the distribu-
tion as a kind of "background", arise from elastic scattering events.

For Ni28+ the FWHM T1 of the distribution shows an increase from thin
to thick targets (see tab. 1). Also interesting is the absolute value and
the evolution of the FWHM r,, in direction v,,. From the beginning, at ex = 3
ng/cm2, r ,1 is still higher than the width calculated from the resolution of
the spectrometer. This is partly an effect of the "real" width of ELC and
ECC distributions, which are in the case of ELC about 50% and for ECC about
20% larger than the values calculated from the pure resolution. But the
distinctively larger values for rM can be attributed to the fraction of
inelastically scattered electrons.

For incident Ni 2 7 + the change of r,, is not so pronounced, r± decreases
slightly with increasing target thickness. Here for small target thicknes-
ses the fraction of ELC is enhanced, and therefore the related distribution
is broader, compared to incident Ni 2 8 +. With increasing thickness the ELC
contribution decreases which compensates in this way the simultaneous in-
crease of the distribution by inelastic scattering.

Our results for this collision system show that the snap© of the doub-
ly differential distribution is changed by inelastic scattering events and
also by a variation in the underlying production mechanisms, i.e. the chan-
ge in the contribution of ECC or ELC processes. To exclude the latter ef-
fect coincidence measurements had to be performed between convoy electrons
and projectile ions of a specific outgoing charge state.

* This work has been funded by the German Federal Minister for Research and
Technology (BMFT) under the contract Number 060F173/2 Ti 476.. GSI/Darm-
stadt, DFG/Bonn and NSF/Washington
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TRACK DETECTORS
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The Bethe- Bloch formula hae been widely need up to the present for calculating energy lessee
oi heavy charged particles in Solid State Nuclear Ttack Detectors (SSNTD). We have found that, lor
relativistic heavy ions, experimental data are better reproduced by the corrected expression introduced
by Ahlen [1-31 M& Waddington et al. [4-6J:

dE

where the first (our addends belong to the uncorrected Bethe-Bloch expression, / is the polarization
correction, ip(l)- Re^(I + iv) is the so called Bloch correction (for low velocity incident particles), G is
the Mott correction and CR is the relativistic Bloch correction. It is not yet clear whether the J correction
is to be used in addition to or instead of the effective charge for the incident particle. Following [6], we
have not used this correction but we have taken into account the particle effective charge.

Theoretical ranges oi heavy charged particle» in SSNTD used to be calculated by the eemiempirical
relations given in [7] by Benton and Henke, by means of a computer program [8], which needed some
energy dependent parameters. Results from these calculations are in very good agreement with the ones
obtained by integration of the uncorrected Bethe-Bloch energy loss formula, with relatjvistk (density
effect) corrections ii they are needed. The fact that fittings for Benton Bemiempirical relations were made
about twenty years ago, when no relativistic ultraheavy (Z > 30) particles were available in any accelerator
for calibration, has leaded UB to check the validity of these expressions for such particles.

Several authors (see, for instance [5, 6, 9-U]) have carried out measurements of ranges of
ultraheavy panicles in high Z non-composite abborbers and compared them to the theoretical ones
calculated by integrating equation (1) Agreement has been, in all cases, excelent, whereas large
discrepancies appear if the uncorrected Bethe-Bloch expression is used. Our contribution is to measure
ranges of euch particles in different relatively low Z composite absorbers and compare them to the obtained
by integrating equation (1).

We have exposed stacks composed by plates o[ two different materials (polycarbonate and Cronar)
to different ultraheavy ions at relativistic energies at the Berkeley Bevalac. In April 1986, stacks were
exposed to 930 MeV/N U, 1020 MeV/N Au and 750 MeV/N La beams and in March 1987 we exposed
stacks to 930 MeV/N U beamB. Table I shows the characteristics of the employed detectors, while table II
shows the measured range, the range calculated from Benton semicmpiric.al expressions (R-Bttht) and the
range calculated by integrating expression (1) (iZCorr)- All calculations for range integration bave been
carried out with a single set oi the parameters which appear in the 'new' terms of equation 1, irrespective
of the charge oi the recorded ion and oi the detector composition. We must emphasize in the perfect
agreement between the measured range and the range calculated by the corrected Bethe-Bloch formula,
wich is in all cases within the error bars. Note, also, that tht; errors in measured range displayed in
table II are not instrumental errors but statistical fluctuations it urn one track to another. Anyway, our
measurement errore are less than 2%, so agreement of the measured ranges with the corrected expression
is significantly better than with the um.orreeled one.

We wish to thank Hank Crawford, from the Lawrence Berkeley Laboratory, lor hie very valuable
assistence in exposing the stacks and ior giving us permission to use his computer program to integrate
equation (1).
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Polycarbonates Crocar
Chemical composition
Density (g/cm3)
Molecular weight (amu)
Electrons per molecule
A/Z relationship
lonization potential* (eV)
Electron deneity(e~/cms)
Registration threshold Z//9

* Calculated according to [12]

t[14]

CwHi4O3
1.2
254
134

1.896
69.500

3.813-103â

6Ot

CioHgO*
1.39
192
100

1.922
74.183

4.36-10M

79*

Table I,- SSNTJ) characteristics



April 1986 exposure tLexan

Ion £(MeV/N) R (measured) (/«») ßpit*t
U 930 69700 ± 100 73270 6933Û

Au 1020 84000 ± 7 0 03350 84540
La 750 74650 ± 150 80930 7863Û

April 1986 exposure (Rodyne polycarbonate)

loo Fi (MeV/N) fl (roeMured) (/im) flßtt», (#m) firSrr. (jtf
U 930 70800± ISO 73270 69330

Au 1020 84900 ± 100 93350 84540
La 750 75850 ± 7 5 8Ü930 78630

April 1086 expoHure (Crcinar)

Ion B (MeV/N) R
U 930 61850 ±250 «MSI €1044

Au 1020 73100 ±300 «23BH V439P
La 750 66250 ± 160 71432

March 1987 expoiiire (Lexan polyearbonat«)

Ion B (MeV/N) fl (measured) (/im) Afi>tA« (*'"*) ß f f r r {,
U f)30 69800 ±250 73270 £9330

March 1987 cxponur« (tlodyae polyearbenate)

Ion & (MeV/N) Ä (measured) (um) Rüttht (ßm) Be»r
U 930 70800 ± 3 1 0 7327Ô 69330

Table II . - Ranges of different ultraheavy ions at the indicated énergie« in
polycarbonate and Cionar SSNTD. R (measured) is the measured
range, Rßttht is the range calculated from the uncorrected Bethe-
Bloch formula and RCOTT. is the range calculated from the conected
Bethe-Blocb formula (expression (1)).
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NON EQUILIBRIUM IONIZATION STATE OF SWIFT HEAVY IONS IN DENSE MATTER

G. MAYNARD, C. DEUTSCH

Laboratoire de Physique des Gaz et des Plasmas*, Université Paris SI1 Bat.
212, 91405 Orsay, France.

The coupling of swift heavy ion beam, i.e its stopping power S,
in cold target is a long standing field of research and extensive
experimental results have been published [I]. From these results one can
deduce the effective charge Zef(Z,V,t) of a given projectile with atomic
number Z and velocity V in some target t. These experimental results do
not depend on the initial projectile ionization state because a mean ioni-
zation state Z*q(Z,V,t)is quickly reached. However in some cases, for ins-
tance in desorption process [2], one has to know what happen near the sur-
face and then to describe the variation from the initial ionization Z* to
the equilibrium one Z*q.

We present here a theoritical description, using a simple model,
forthe variation of the projectile ionization state taking the example of
a 1.5 MeV/u Iodine ions in Carbon and Gold target in connection to recent
experiments [3].

To examine the evolution of Z* in dense material we have to take
into acount the projectile excited states and we do that using a well adap-
ted model for dense plasma : the average atom model with hydrogenic levels
arid screening constants [4]. Taking this mean atom with ten energy levels
of principal quantum number n populated by Pn electrons we can write [5] :

10 ri7. 10
z* = z " T Pn- and then ^- = - £ Pn, with:

n=l,10 ût n=l,10

Pn = -Pn(l(n,n) • •£ (2k* - Pk)l(n,k)) + (2n
2 - Pn)(g(n,n)

k
where, when k*n l(n,k)=g(n,k) represents the rate coefficient for one elec-
tron transfer from the level n to the level k supposing that there is one
electron in level n and one free place in level k, g(n,n) and 1(n,n) de-
note rate coefficient for recombination and ionization . 1 and g are cal-
culated owing to electron and ion ionization and excitation, spontaneous
decay, bound- bound and radiative recombination. In cold target, the two
main processes are Bound Bound Recombination (BBR) calculated in the eiko-
nal approximation [6] and the Ion ionization (Ii) which is determined
using the classical BEA approximation [7].

Results for the two targets are reported in Fig. la,b where one
can see two very different behaviours. First, the large ratio of the two
transient region length (trl), trl(gold)/trl(carbon) x 70/1500, is clearly

'associated with the C.N.R.S
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Fig.l Z* for 1.5 MeV/u Iodine ions in Gold and Carbon.

connected to the two ratio for Ii and BBR rate at equilibrium. The second
major difference between the two targets lies in the curves shape. In gold
the charge state monotically increases or decreases toward the equilibrium
value, while, in carbon, the ionization qickly decreases and then slowly
increases. This can be understood looking at the partial BBR on each pro-
jectile atomic shell. For light target and not too high velocity, elec-
trons recombines predominantly in high excited states whose population
quickly increases while inner shell populations slowly decrease due to in-
ner shell ionization.

In the two targets, projectiles have several electrons in exci-
ted states and that is in agreement with experimental result on the in-
crease of the projectile charge state at the exit of the solid [2].

During the transient phenomena the projectile velocity V can be
kept as a constant. However if we increase the target temperature to reach
highly ionized plasma state the situation changes: The equilibrium charge
increases so as the trl. In the same time we have an enhancement of stop-
ping power in plasma, so we can reach the limit of a projectile range
shorter than the trl. In such case, Zeq becomes a meaningless quantity and
during all the slowing down process Z* remains a non equilibrium value. In
Fig.2 we present the evolution of Z* for the same Iodine ion flowing
through a fully ionized hydrogen plasma (kT=10eV, n=1017cnr3). A contro-
versial problem for heavy projectile in fully ionized plasma is the con-
tribution of the Dielectronic Recombination (OR) to the ionization state
[8]. Taking the same expression of DR as in Ref. 8 we show in Fig.2 that
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Fig.2 Z* for 1.5 MeV/u I, in fully ionized hydrogen gaz. DR
(NDR) : Dielectronic Recombination included (not included); Sd (NSd) :
Slowing down included (not included).

the slowing down greatly reduces the DR importance.
One can see that Z*q is never reached and that at any distance,

Z* depends on the initial Z*. Tl.ere are two general consequences of non
equilibrium : The projectile has not the time to reach Zeq and then, in
the first part of the range Z* < Zeq, and next at the end of the range Zeq

become small but Z* has not the time to decrease, that is Z* < Z e q. One
main conclusion is that the Z* curve is much more flat than the Zeq one
which gives a more pronounced Bragg Peak and this has some practical impor-
tance for Heavy Ions beams inertial Fusion [9].

The authors would like to thank S.Della-Negra and Y.LeBeyec for
giving experimental results prior to publication
[1] F.Hubert, A.Fleury, R.Bimbot, D.Gardes, Supplement aux annales de
Physiques 5, (1980) 1
[2] S.Della-Negra, Y.LeBeyec, D.Monart, K. Standing and K.Wien, Phys.
Rev. Lett. 58 (1987) 17
[3] S.Della-Negra, Y.LeBeyec, These proceedings
[4] R.M.More in -.Applied Atomic Collision Physics, Vol.H, ed H.S.Massey
(1983)
[5]
[6]
[7]
[8] Th.Peter,
1859
[9]

G.Maynard, C.Deutsch, J. de Phys. (Paris), £7, (1988) 89
J.Eichler, F.T.Chan, Phys. Rev. A20, (1979) 104
M.Gryzinski, Phys. Rev. 138J1965) A305

R.Arnold, J.Meyer-ter-Vehn, Phys. Rev. Lett. 57 (1986)

C.Deutsch, Ann. de Phys. Fr. 11 (1986) 1
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RAPID CALCULATIONS OF HIGH ENERGY RANGE DISTRIBUTIONS

J. P. BIEiRSACK,
Hahn-Meitner-lnstitut Berlin, Glienicker Strasse 100,1000 Berlin 39, FRG

Previous models for predicting high energy range distributions, e.g. in the single
collision model, encountered difficulties as the Coulomb interaction leads to
infinite cross-sections and to severe normalization problems. We aiso know that
at high energies and small scattering angles classical mechanics breaks down.

In the present work, these difficulties could be overcome by using a screened
Coulomb potential and a form of the scattering law as suggested by the Born
Approximation. By accounting for some basic principles of transport theory,
normalized three-dimensional range distributions are directly obtained. The dis-
tribution functions and the moments of the distributions are quickly calculated
and displayed on any PC, with a precision comparable or exceeding that of the
Monte-Carlo calculations. At very high energies the Monte-Carlo method would
actually require excessive time to complete the low concentration backward tails
of the implantation profiles. In this case the present approach would be defi-
nitely superior both in computing time and in precision.
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INELASTIC COLLISIONS AND THEIR EFFECTS ON STOPPING, RANGES,
AND MULTIPLE SCATTERING OF HEAVY IONS

J. P. BIERSACK
Hahn-Meitner-lnstitut Berlin, Glienicker Strasse 100,1000 Berlin 39, FRG

High energy ions lose most of their energy in inelastic collisions, i.e.
binary collisions, where the electronic system does not return to the groundstate,
but rather is left with inner shell excitations. In all previous theories a simplified
model was applied, in assuming that the slowing-down and the scattering of
ions could be separated. This lead to the concepts of (1) a steady frictionlike
"electronic" stopping power, and (2) binary elastic collisions, which accounted
for "nuclear" stopping, multiple scattering, and finally the projected range
distribution in three-dimensional space.

In the present paper, a first study will be reported, which treats all
collisions realistically, i.e. with appropriate inelastic losses dependent on the
distance of closest approach. This treatment reflects the physical aspects, that
the inner shell excitations depend on the overlap of shells. Of course, the
inelastic losses are appropriately chosen to yield the known average electronic
stopping power and approximate electronic energy loss straggeSing. The results
of such calculations indicate reduced scattering angles and nuclear" stopping,
and noticable changes in the mean projected ranges, as well as in the entire
range distribution.
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SEHI-EMPIEICAL FORMULA FOR HEAVY ION STOPPING POWERS IF SOLID IB THE IETEEKE-
DIATE ENERGY RANGE

F. HUBERT*, R. BIMBOT** and H. GAUVIN**-

* CEH Bordeaux-IN2P3, Le Haut Vigneau, 33170 Gradignan, France
** IPN Orsay, BP 1, 91406 Orsay, France

Stopping-powers and ranges bave played a crucial role in many
aspects of the heavy-ion physics. Requirements in Huelear Physics, Atomic and
Solid State Physics, aerospace projects, ionizing radiation effects on natter
have fostered many revisions and new calculations on the subject. Due to the
complexity of atomic structures all these calculations have to adopt some
approximations in order to simplify the calculations and/or to rely on a
semi-phenomenological treatment. Then they must be justified by experimental
data when available.

In the 2-10 HeV/A energy range the comparison between experimental
stopping powers and calculations such as those tabulated by Horthcliffe and
Schilling CIl or the more recently published curves of Ziegler [21 have shown
significant discrepancies, particularly for light stopping media and heavy
projectiles. In this energy domain the best agreement is generally obtained
with the tables of Hubert et al. (31. Vi th the new generation of
accelerators, the energy domain from 20 to lOOMeV/A has become accessible for
heavy ions. This made it possible to measure stopping powers in this energy
range and an extensive study has been performed using the GAHIL spectrometer
LISE. In the 20-80KeV/A energy range, the tabulations of Hubert et al are in
reasonable agreement with most of the data, but overestimate the stopping
powers essentially in light stopping media. In this case a better agreement
is obtained with the values from Ziegler.

It appears then that it is worth reconsidering the prospects for a
semi-empirical calculation of heavy ion stopping in the light of the
considerable body of heavy ion data now available in the energy range from 3
to 80MeV/A [4],

The generalization of heavy ion stopping powers is made using the
Bethe equation [5] : the stopping power Si,2 of a given medium 2 for a given
ion 1 is calculated from that of this medium for a particles at the same
velocity (same E/A value) denoted SU,2 using the following equation :

(1) S1 . = Œ 9 /4) . (Y1 . Z )
 2

1,2 Ot, 2 1,2 1

where Y represent the effective charge parameter.
The problem of predicting heavy ion stopping power in the general

case then reduces to having a good representation of the heavy ion effective
charge. The Y parameter cannot be easily deduced from basic principles. Ve
then used eq.(1) to calculate Y values from the available experimental
stopping powers. A set of about 600 effective charge parameters have been
introduced into a computer as primary data base. The heart of our stopping
power interpolation procedure is thus the parameterization of effective
charge values for heavy ions in solid elements in the energy range from 3 to
80 MeV/A.

The analysis of these data has clearly pointed out the necessity of
taking into account the variation of Y with the stopping medium. In fig. 1, Y
values deduced from experimental stopping power values are presented in
different solid stopping media. A systematic Zz dependence is clearly
observed. Effective charge parameters are higher in light stopping media than
in the heavy ones.
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Fig. I : The Za dependence of the effective charge parameter H

The starting point to generate an effective charge parameterization
is eq. (2) since this exponential forn gives a good agreement for all the
(Zi1 Z2) combinations :

(2) = 1-xiexp <-xÊ(E/A)
X5lzrXA)

In addition it was assumed that only the Xi parameter is Zi
dependent at previously suggested C6] :

<3> = D+B exp(-C . Z1)

The dependence of the effective charge parameter Y on the atonic
number Zz of the medium is taken from the dependence of the parameters Xs.
X3, XA, D, B, C on Z2. The search for a mathematical representation of the Zz
dependence is carried out in two steps. First various choices are made for
representing a given parameter as a function of Zs. For a given medium, the
other parameters were then varied independently in order to fit y as a
function of i/A and Zi. Those choices of function which led to good fits and
relatively smooth variation of the parameters as functions of Zs were
retained for the second step. Having established the choice of mathematical
form in this way, a fit is made to the whole stopping power data base, in
oider to determine the best set of parameters. The choice of functions and
the best values for the parameters are as follows:

Xx = D+1.658 exp[-0.05170Zi]
(4) D = 1.164+0.2319 exp(-0.0043022Z*>

X 2 = 8.1441-0. 09876 InZa
X3 = 0.3140+0.01072 InZ2

X4. = 0.5218+0.02521 InZ*

The B and C parameters (1.658 and 0.05170 respectively) could be left
constant without change in the quality of the fit.

The stopping powers Si,2 is then calculated using eqs. 1, 2, 4.



Fig.II gives examples of the agreeEsnt observed in aost of t3»e
cases between experimental stopping powers and the results of calculations
presented in the text. It can be seen that the experimental points fall near
the calculated curves with deviations typically less than 6%. However soae
experimental data present a discrepancy in the (5-10)% range. This can be
largely accounted for by experimental uncertainties.

Stopping powers o< Kr ions Stoppno, power* of Ar ions
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Fig. II : Comparison of experimental stopping powers with the results of
calculations presented in the text (dotted lines).
a) Stopping powers of Kr ions in Be, Al, Hi, Ag, Ta, Au stopping media.
b) Stopping powers of Ar ions in Be, Al, Ni, Ag, Au stopping media.
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E X P E R I M E N T A L A S P E C T S OP S.H.I.C. (Swift Heavy Ion Channeling)

S. ANDRIAMONJE*», R. ANNE*2>, N.V. de CASTRO FARIA*3*, M. CHEVALLIER*3*, C. GQHEN*4*,
J. DURAL*5\ M.J. GAILLARD*3», R. GENRE*3), M. HAGE-ALI*6*, A. L'HOIR*4*,
B. FARIZON-MAZUY*3), J. MORY*7), J. MOULIN*4>,J.C. POIZAT*3*, Y. QUÉRÉ*7),
J. REMILLIEUX*3), D. SCHMAUS*4) and M. TOULEMONDE*S>

(1) C.E.N.-Bordeaux, F-33170 Gradignan
(2) G.A.N.I.L. F-14021 Caen
(3) I.P.N.-Lyon, F-69622 Villeurbanne
(4) G.P.S. E.N.S. Université, F-75231 Paris
(5) C.I.R.I.L. F-14040 Caen
(6) P.H.A.S.E., C.E.N. F-67037 Strasbourg
(7) L.S.I., Ecole Polytechnique, F-91128 Palaiseau

We have studied the behaviour of swift heavy ions, of initial charge Zo, transmitted in a. crystal.
More precisely we have measured, for various values of Zo, the mean stopping power experienced by the
ions of exit charge Z, together with the charge distribution n(Z).

In this short note, we describe briefly the instrumental set-up, and give two specific results which
make it possible to appreciate the accuracy and sensitivity of the experiment.

In a few laboratories, among which Grand Accélérateur National d'Ions Lourds (G.A.N.I.L.) in Caen,
heavy ions of large charges Zo (like hydrogenoid xenons, of Zo = 53) are now available. We have decided
to study the fate of such ions when they travel through crystalline targets, and particularly when they
are channeled, i.e. when they encounter an anomalously tow density of electrons in the solid.

The "Ligne d'Ions Super Épluchés" (L.I.S.E.) beam line, which consists in an achromatic ensemble
of two dipoles D\, and Dj (see fig. 1) plus twelve quadruples Q\...Qn, u particularly well adapted to
this experiment, since it delivers beams of angular divergence lower than 0.15 mrad. Going downstream
along L.I.S.E., one encounters successively a rotating chopper R in front of a Si - Li X-ray detector for
monitoring the beam ; the goniometric chamber C containing the target, a 17 pm thick St crystal ; in
front of the chamber, a solid state Ge detector D positioned mostly at 90* to the beam, but possibly at
other angles ; between D\, and D2, a wire chamber beam profiler P where the various charge states Z
spatially separated by D\ can be detected ; then, beyond D^, a microchannel plate M thanks to which
coincidence measurements allow to attribute a photon arriving in D to an ion of given exit charge Z.

BEAM CHOPPER

Wall

PARTICLEDETECTOR
(M) <

BEAM PROFILER
(P)

Figure 1
Scheme of the experimental set-up (see text).
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From this short description, it will be clear that :
1 - for incident ions of charge ZQ, the charge distribution n(Z) of ions emerging from the crystal can

be determined from the ensemble (Di + P), together with the energy loss {-dE/dx) of ions Z.
2 - Photons emitted by the ions in (or very close to) the crystal can be detected in D in various

directions. These photons are essentially those produced by radiative electron captures (R.E.C.) for
incident ions completely (or nearly completely) stripped (e.g. Xei3+ions) ; and those produced by
internal desexcitations (e.g. Lyman a lines) for any ion having at least one electron.

In a preliminary experiment [1,2], we have shown that the quality of the incident beam was good
enough to allow the observation of both axial and planar channeling in the GeV domain of ion energies,
even though the critical angles are of the order of 1 mrad.

Then, using hydrogenoid xenons (ZQ - 53) as incident ions (energy : 25 MeV/u ; equilibrium charge
Ztq ~ 49.5 in our silicon crystal), we have observed, in channeling (as compared to random) conditions :

i / a spectacular quenching of the states of high Z (88 % of emerging ions are hydrogenoid or
heliumoid) indicating a drastically reduced electron capture in the low electron density <110> channels
of the crystal.

i i / An increase of the number of electron-capture-induced photons, showing (together with i / ) a
definite increase of the ratio between radiative and non-radiative captures [3].

In a more recent experiment, xenon ions of identical energy (i.e. identical value of Zef) bui of
lower charge (ZQ = 35) have been used. Here again, like in i / , a remarkable tendency to ionic state
quenching occurs : we have even been able to detect a small, but definite, number of ions emerging in
their initial state (Z = ZQ = 35), in spite of the large difference between this state and the equilibrium
(Ztll - 2 ~ 15 !). For the various emerging charges (Z = 36,37 e t c . ) , the energy loss has been measured.
As long as only M electrons are being stripped-out (in fact, between Z = 36 and Z a 42), the energy
loss is found proportional to Z2 where Z is, for an emerging ion Z, its mean charge during its path in
the crystal.

These observations will be described and discussed in detail elsewhere [4]. They will also be compared
to other results of the literature [5,6]. Let us here only underline, in figure 2, the suitability of the L.I.S.E.
beam line to such experiments. Two different data appear on this figure as a function of the angular
orientation of the crystal with regard to the ion beam :

a/ the intensity of Lyman a photons, which exhibits a dip characteristic of axial channeling (here
along <110>).

b / The number of xenon ions which, having lost one electron, emerge with charge Z = 36.

1000 -
- 1000

O

-100 -50 0 50
Crystal orientation (in lQ~3degrees)

a

2
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CO
C/3

O
Z

C
>

Figure 2
Lyman a production (&/) and number of emerging 36+ xenon ions (b/) versus angular orientation

of the silicon crystal.
Incident beam ; 25 MeV/u Xe ions of charge Z0 = 35+ .



Both these results show that L.I.S.E. is particularly well adapted to the study of crystalline effects
in heavy ion charge exchange phenomena. Especially the extreme quality of the channeling visible in b/
(characteristic half angle : 45 prad) requires a beam of minute angular spread which is obviously available
in L.I.S.E.
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ENERGY LOSS OF CHANNELED IONS: THE CASE OF VERY THIN CRYSTALS

N. NESKOVlC and D. ClRIC

Boris Kidric Institute of Nuclear Sciences, P. O. Box 522, 11001
Belgrade, Yugoslavia

We consider theoretically the energy loss of channeled
ions in the case of very thin crystals [1-2]. The calculation
begins with choosing the impact parameter and determining the
scattering angle of the ion [3]; this is done within the
momentum approximation. Having the scattering angle of the ion
we calculate its average position in the transverse plane. The
energy loss of the ion is calculated with the assumption that
the trajectory of the ion is a straight line defined by its
average position in the transverse plane. The calculation is
performed for all possible values of the impact parameter, by
means of the Monte Carlo method.

The analysis is performed for 1-10 MeV/amu O 8 + ions in the
<100> channel of a 100 nm thick Au crystal. We study the details
of the energy distribution of the transmitted ions; the approach
is via the first order perturbation theory [4]. Besides, we
analyze the influence of the Barkas [5] and Bloch [6,7] effects
on the shape of this distribution.
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RADIATIVE ELECTRON CAPTURE BY BARE- AND ONE-ELECTRON IONS
CHANNELED IN SILICON CRYSTALS

C. R. Vane, S. Datz, P. F. Di t tner , J . P. Giese,* H. F. Krause, P. D. M i l l e r ,
N. L. Jones, H. Schone,+ M. Schuiz,* T. M. Rosseel,11 and R. S. Peterson1"

Oak Ridge National Laboratory,§ Oak Ridge, Tennessee 37831-6377 USA

We have studied the phenomenon of radiat ive electron capture (REC) for
sul fur ions channeled in s i l i con crysta ls . In th is process, a weakly bound
target electron is d i rec t ly captured by the moving ion and an energy- and
momentum-stabilizing photon is emitted. Within the impulse approximation,
the energy of the REC photon in the rest frame of the p ro jec t i le is given
simply by energy conservation as E = BEp - BEt + Ep(m/H). BEt is the
i n i t i a l target electron binding energy; BEp is the electron f ina l binding
energy on the p ro jec t i l e ; and Ep(m/M) is the re lat ive k inet ic energy of the
target electron as seen by the pro jec t i le ion . I f the electron is captured
to the pro jec t i le K-shel l , the process is called K-REC. Capture to the L-
shell is called L-REC, etc. The narrow d is t r ibu t ion of target electron
momenta, sampled by well-channeled ions, results in an X-ray peak the shape
of which nearly mimics the Compton p ro f i l e of the sampled electrons.

Sulfur 15+ and 16+ ions with energies from 120 to 200 MeV were obtained
from the HoI i f ie ld Heavy Ion Research Fac i l i t y (HHIRF) tandem accelerator.
These were axia i ly channeled through a variety of th in s i l i con crystals with
widths from 0.42 nm to 4.8 um, aligned in the <110> or ien ta t ion . X rays
emitted at 46.5° with respect to the beam axis were detected with a we l l -
ca l ib ra ted, high-resolution S i (L i ) detector. A typical spectrum is shown in
F ig . 1 for 180 MeV S16+ channeled in a 0.42 pm thick Si<110> c rys ta l . The
measured K-REC cent roid energies are found to be consistently -100 eV lower
than predicted. On the other hand, narrow peak shapes indicate that REC is
proceeding as expected, ar is ing mainly from capture of weakly bound electrons
residing in the crystal channels. A plot of measured and calculated REC
peak centroid energies and widths is displayed in F ig . 2. A contamination of
ions carrying extra electrons would have the effect of lowering the REC peak
energy by the corresponding decrease in p ro jec t i le K-shell binding energy.
However, the measured separation between the K-REC peaks for incident S ^ +

and S1 6* is equal to the expected separation for one electron- and bare-
su l fu r . Also, the charge-state d is t r ibut ions of channeled ions ex i t ing the
crystals were measured using an e lect rosta t ic charge-state analyzer. The ion
charge was found to be nearly "frozen" at the incoming state, the incident
charge state (15+ or 16+) typ ica l l y comprising more than 80% of the f ina l
charge-state d i s t r i bu t i on .

We decided to repeat these measurements in gas targets, to eliminate so l id
state e f fec ts , and at energies su f f i c ien t l y high to ensure that charge-state
contamination of the incident ion beam could not s ign i f i can t ly sh i f t the REC
peak pos i t ion. Bare oxygen ions at 100 to Z25 MeV obtained from the HHIRF
tandem were passed through a closed gas ce l l containing hydrogen or helium at

* ORAU Postdoctoral Research Associate.
+ Graduate student on assignment from the University of Heidelberg,

Heidelberg, FRG.
# Par t ia l l y support provided by the Joint Ins t i tu te for Heavy Ion Research.
1! Analytical Chemistry Div is ion, Oak Ridge National Laboratory.
t Oak Ridge Associated Universi t ies, University of Tennessee at Chattanooga.
§ Research sponsored by the U.S. Department of Energy, Office of Basic Energy

Sciences, Division of Chemical Sciences, under contract DE-AC05-840R21400
with Martin Marietta Energy Systems, Inc.
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pressures of 5 to 30 Torr. The cell entrance window was a i.7 rog/cm2 alumi-
num foil. At the lowest energy, the predicted equilibrium fraction of bare
(8+) oxygen was 85%. At energies greater than 160 MeV, the 8+ fraction was
more than 95%. X rays were measured at 90° with a Si(Li) detector, which was
energy calibrated before, after, and during the run. Fits to the data were
made, using only the high-energy side of the oxygen K-REC peaks for deter-
mination of peak positions and widths to eliminate shifting and broadening
effects from unresolved L- (and higher) REC contributions. Results of these
measurments are shown in Fig. 3. As indicated there, both centroid energies
and peak widths for hydrogen nearly match the calculated values. It appears
then that the REC peak energy shift observed for sulfur ions channeled in
silicon targets represents a solid-state effect of, at this time, unknown
specific origin. We are currently exploring the possibility that à slight
alignment of electrons, sampled by the ions as they are channeled through the
crystal, may produce such an effect.

ORNL-DWG e«-1««23

ieeac

ISO SBB 250

channel number
3B3

Fig. 1. X ray& generated by 180 MeV S l 6 + ions channeled through a 0.42 urn
thick si l icon crystal along the <110> axis. Observation angle was
46.5° in the lab frame.
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Fig. 2a. Peak centroid energies for K-REC by S16+ and S15+ ions channeled
through a 0.42 m̂ Si<110> crystal . Solid l ine displays the results
of theory corrected for project i le energy loss in the target and
Doppler shi f t effects, including those due to intensity variation
of REC radiation over the viewed solid angle aperture.

Fig. 2b. Measured and calculated K-REC peak widths (FWHM) for S16+ channeled
through 0.42 urn Si<110>. Calculations assume a Fermi distr ibution
of target electron momenta with Fermi energy of 10 eV.

Fig. 3a. Peak centroid energies for K-REC by O8+ col l id ing with hydrogen and
helium gases at 5 to 30 Torr. Solid line displays the results of
theory corrected for projecti le ion energy loss in the gas cell
entrance window and in the gas and re la t i v is t i c Doppler shi f t at the
viewing angle of 89.1°.

Fig. 3b Measured and calculated K-REC peak widths (FWHM) for O8+ col l id ing
with H2 and He. Calculations assume target hydrogenic Is wave
functions.
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THE CHANNELING OF SCATTERED RECOILS IN A SILICON SINGLE CRYSTAL

S.A.Karamyan

Joint Institute for Nuclear Research, Dubna, USSR

Crystallographic reflection patterns near <111> axis were

fixed by a glass track detectors at the exposures of the silicon

Al (90-150 MeV),
An

(111) single crystal with heavy ion beams: '
40 129

Ar (90-220 MeV) and Xi'Xe (122 MeV). The glass detector has a

threshold of registration of about 5 MeV in energy and 2«10 in

atomic number of a particle. The recoil kinetic energy is depend-

ent of the scattering angle 0 L:
 E

r n ~
 ct>s 9|_ a t t h e elastic case.

Detection range was Q^ = 30-75°. With the beam energy E. drastic

variation of the inelastic-elastic cross section ratio also

occurs. As a result, the total thickness d of active target layer

for detected particles varied drastically as a function of Q,,

EL. The high quality blocking reflections at the (&.,Z.) region,

where thickness d %1 pm, were observed on the contrary with the

channeling maxima seen if the thickness rose up to 5-10 pm at the

registration direction. The relative yield fcftof particles along

<111> Si axis is shown in the figure as a function of Ar beam

energy for the fixed value of 0 L = 53°. The transition from

blocking minimum to
a cor|trast channel-

ing maximum and

again to blocking

reflection is obvi-

ous. This kind of

channeling maxima in

geometry of large

angle scattering was

observed also for

germanium single

crystal earlier[1]

1.2

1.0

0.8 -

0.6

100 150 EL.M3B 200 and for diamond

newly.

[1] Karamyan S.A. Izv. AN SSSR, ser.fiz., 1987, 51, 1008.
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STRONG DYNAMIC PERTURBATIONS OF TRANSIENT MAGNETIC FIELDS IN
FERROMAGNETIC FE AND GD UNDER HEAVY ION BOMBARDMENT

K.-H. SPEIDEL*. M. KNOPP*. J. CUB*. W. KARLE*. U. REUTER**. H.-J. SIMONIS**.
F. HAGELBERG**, J. GERBER***, and P.N. TANDON****

* Technische Universitat MUnchen, 8046 Garching, FRG
** Institut fUr Strahlen- und Kernphysik, Universitat Bonn, 5300 Bonn, FRG

Centre de Recherches Nucléaires, F-67O37 Strasbourg, France
**** Tata Institute of Fundamental Research, Bombay 400 0OS. India

Transient magnetic fields (TF) of several kilo Tesla in magnitude act on nuclei
when swift ions penetrate polarized ferromagnetic solids [I]. Their successful
application to g-factor measurements of short-lived nuclear states with lifetimes
in the ps-range has aroused intensive discussions on the possibility to extend
this unique technique to even shorter lifetimes.
Since it is well established that TF are atomic in nature, associated with the polari-
zation of bound s-electrons of the moving ion through spin-dependent interactions
with the polarized electrons of the ferromagnet [2], a new lifetime range will be
accessible for heavy nuclei if their most inner-shell electrons can be sufficiently
polarized.

Aiming at the unique strength of Is electrons with their Fermi contact field at
the nucleus as given by

Bls(Z) = 16.7 • Z3 [T] (1)

the ions must be accelerated to velocities close to the Bohr velocity v a< Z • v
(v = c/137) to lose all other electrons. For the resulting and dominating single-
electron ions of abundance q ] s the TF can be generally expressed as

B T F = p i s <v' Z> h o s t ) ' q i s (v< Z> h o s t ) ' B i s ( Z ) ( 2 )

where p is the degree of polarization of the Is electron. For light ions from carbon
to sulphur in such conditions, pJ s values were found to vary between 0.14 and 0.28
for Fe host and being rather constant at 0.24 for Gd host independent of the ion [Z].

To achieve the same ion configurations for heavier probes it requires heavy
and energetic ion beams for providing large ion velocities and exciting the particular
probe state in appropriate nuclear reactions.
Since heavy ion beams have intense ionization power as expressed by their dE/dx
value while going through the magnetic solid, it may cause changes in the magnetic
structure thereby reducing its polarization and subsequently attenuating the TF.

Comparative measurements of TF were performed in Fe and Gd hosts with three
different nuclear probes:

24Mg (2^ , X = 1.98 ps, g = 0.51, <v> * 12 vo),
28Si (2j, T = 0.70 ps, g = 0.53, <v> * 12 v j ,
62Ni (2*. T = 2.1 ps, g = 0.34, <v> & 3.1 vo).

Light and heavy ion beams were applied alternately for Coulomb excitation of their
first 2 state and providing ion velocities as similar as possible for each specific
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probe. 62Ni was used exclusively as heavy ion beam, since simultaneous excitation
of its first 2 state allowed to control the in-situ ferromagnetic state being relevant
for the TF acting at the probe ion under ion bombardment.

In all these experiments the technique of perturbed particle-gamma angular
correlations was employed. Precession angles Q derived from counting rates for
external magnetic fields in "up" and "down" directions perpendicular to the
Y-detection plane are given by [2]

<D = g • (xN/R • BT F • tePf ( 3 )

where g is the g-factor of the nuclear state in question and BT F the TF acting at
the nucleus for an effective interaction time tcff of the ions in the ferro-
magnetic solid. These were in the range of ICT13S. Experimental details and some
data have been reported in a recent paper [3].

In all measurements involving Ni-beams with energies of =* 160 MeV TF were
found to be substantially reduced (by factors 2-10) compared with the results
using the lighter beams of oxygen and silicon with energies of 35 MeV and 130 MeV,
respectively (Fig. 1). This feature turns out to be stronger pronounced in Fe than in
Gd host. In the case of 24Mg and 28Si these reductions can be directly interpreted
as a corresponding reduction in the degree of polarization of the relevant Is
electrons of these ions, since the ion fractions at the high velocities are known
to be q ] s » 0.5 [4] (see eq. (2)). It should be emphasized that this novel feature
of TF is not linked to high velocities only as is shown by the 62Ni data where due
to the low velocity also more complex electron configurations are involved.

The present observations strongly suggest that the heavy Ni-beams reduce the
magnetization of the ferromagnet and hence the polarization available for the TF at
the probe ion. It seems plausible that the extent of perturbation depends on the
energy loss of the beam ions in the ferromagnetic lattice. We have therefore plotted
the ratio of measured TF to that calculated using the empirical parametrization [5]

B1 = a • Z • v/v (4)
Lin o

with strength parameters a = 12 T and 17 T for Fe and Gd, respectively, versus the
energy loss of the beam [6] (Fig. 1). It should be noted that the above parametri-
zation with its characteristic linear velocity dependence which was found to
describe a large body of data, serves only as a reference for presenting our
results. As seen from the figure, the data show a distinct correlation with the
dE/dx values. For low energy loss associated with light ion beams, there are
essentially no reductions in TF.
We could show by several measurements that these reductions can not be attributed
to a possible static radiation damage: the observable effects were found to be inde-
pendent of target temperature and the fluence of the ion beam. This result is
also consistent with the general belief that in metals energy deposition by ions
through electronic collisions does not lead to atomic displacements. The inherent
perturbations must be therefore of dynamic nature implying a momentary loss of
ferromagnetism and its recovery with a certain time constant.

The question whether these dynamic perturbations are strongly correlated in
time with the probe ion and the magnitude of the proper time scale are the
subject of present investigations.
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Fig. 1: Transient fields observed in Fe and Gd host normalized to their value ex-
pected front an empirical parametrization as a function of dE/dx of the
beam ions used. Data points of the same probe ion associated with different
beams are connected by lines.
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HYDROGEN CLUSTER EMISSION UNDER »"S BOMBARDMENT AT ENERGIES
LARGER THAiNI 1 MEV/A

F. RIGGI

Dipartimento di Fisica, Università di Catania, Italy
and INFN, Sezione di Catania, Italy

The emission of light secondary ions from solid organic
films under MeV/A heavy ion bombardment is a well
established phenomenon [I]. It is however not sufficiently
understood the detailed mechanism by which the incident
primary ions are able to transfer energy to the outgoing
particles. The study of the energy dependence of the sputter
yield could provide useful information to test the different
proposed models.

The lightest particles which can be desorbed are hydrogen
clusters, their yield being usually very high irrespective
of the investigated sample. It is hoped that in case of
light particles some information could be extracted about
the dosorpti.on mechanism without the complications arising
from treating complex molecules.

This contribution reports an experimental investigation
of the desorption yield of hydrogen clusters ions from
organic films under bombardment with a ""S beam from a
Tandem accelerator in the energy range 0.7-3 MeV/A.

The experiment was performed at the LNS Tandem facility in
Catania, by using a time-of-flight mass spectrometer
recently built [2]. The main a*S beam was scattered at
forward angles in a thin 197Au target to produce a beam of
10"-1O" particles/second. The scattered ions hit a Si
detector (which gives energy and timing signals) after
desorbing secondary ions from the exit surface of the sample
(see fig.1).

Au' UKiET

3?,. MI:AM

'.1/.I1I

STOP

MCP

Fig.l: Schematic lay-out of the experimental apparatus.
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Secondary ions, accelerated to a few KeV1 are detected by a
microchannel-plate stop detector at the end of a flight
path. Start and stop signals are sent to a multistop TDC and
to an IBM/XT computer for acquisition and analysis. The
sample used in the present investigation was a dipeptide
(Alanine-Alanine, mol.wt. 160), which was eiectrosprayed [3]
on a 2 VL aluminised polyester foil. R comprehensive mass
spectrometric investigation of the different secondary ions
coming out from the Ala-Ala sample is reported elsewhere
C4].

Fig.2 shows a TOF spectrum of positive ions. Hydrogen
clusters were easily identified in the TOF spectra. Only H*f
H£f Hj were observed, no evidence being found for heavy
hydrogen clusters.

j 1J. Oi J ..tm,~..,S *.*>.

SOQ

Fig.2: Time-of-flight spectrum of light positive ions
desorbed from the sample by 3 eS ions.

The yield of hydrogen clusters (number of detected
secondary ions per incoming primary ion) was measured at
several incident 368S energies. Fig. 3 shows the measured
yield of these ions as a function of the incident energy.
Solid and dashed lines are the (dE/dx) and (dE/dx)2 curves
extracted from ref.[5]. It can be seen that the data are in
good agreement with a (dE/dx)2 behaviour.

Different parametrizations have been used by many authors
to reproduce the energy dependence of the yield curves.
These give comparable fits to the experimental data. Other
results obtained with different primary ions and/or samples
showed a similar dependence C6]. Such a dependence could be
accounted for by a Coulomb repulsion model , which assumes
that a positive core with a negative electron sheath is
formed along the ion path. If the electrons are trapped for
a sufficiently long time before returning to neutralize the
core, the charged region acts on the ions with a net
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component along the surface normal. The result is a
sputtering yield proportional to (dE/dx)2 [7J. It should
however be remarked that all these models provide the total
sputtering yield, not only the charged component.

HT1

Fig.3: Energy dependence of the yield for hydrogen cluster
emission under bombardment with " S ions.

More sophisticated approaches have been reported in
recent years to interpret the desorption of heavy molecular
ions[8-H]. A detailed comparison with desorption data in a
wide energy range could provide more significative tests of
the proposed models.
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Detector Response to Swift Heavy Ions*

Robert Katz, University of Nebraska, Lincoln NE 68588-0111 USA

1) INTRODUCTION

Track theory is a description of the structure of particle
tracks which characterizes the response of many different sorts
of "detectors" to energetic heavy ions. It is a parametric
rather than a mechanistic description. The medium is a black box
containing targets whose response to gamma rays is described by
the cumulative Poisson distribution. The response to swift heavy
ions is intimately related to the response to gamma rays through
the radial distribution of dose about the ion's path.

Most physical systems are 1-hit in their response to gamma
rays. Me have found 2-hit physical systems and hittedness as
high as 8 in desensitized nuclear emulsions. In this model of
particle tracks each detector is represented by experimental
parameters, with no attempt to analyze mechanism (1). The model
for physical detectors utilizes 3 parameters, E 0, the dose at
which there is an average of 1 hit per target, C, the hittedness,
and a0, the target size. In simplest approximation we may ima-
gine that the hittedness Is the number of electrons which must
pass through a target to activate it. The model for biological
cells requires a fourth parameter &0 to approximate the size of
the region in which the targets are contained, often the cell
nucleus. The cell model has also been used to describe the dam-
age done to photoresists by swift heavy ions (2).

Here we are only concerned with the initiation event and the
observed end point. Unlike mechanistic models we are not at all
concerned with the manifold of intermediate steps between initia-
tion and observation. There is often confusion about the rela-
tionships of mechanistic to parametric ideas. Thu3, supralinear-
ity in TLD-100 is mechanistically explained by a "track interac-
tion model" in which the supralinearity arises in the heating
stage. To the parametric description this is simply a 2-hit pro-
cess, corresponding to the need for a pair of interacting elec-
tron tracks. It is of no consequence that the interaction took
place in a heating stage.

2) THE G VALUE

Tf N is the number of undeveloped grains per unit volume,
and o- is the action cross section then the number of detectable
events per unit pathlength is trN. To get a G value (most fre-
quently used in radiation chemistry) we divide by the stopping
power, L, to find

G - »N/L (1)

For such calculations we need to know the size of a target
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and the number of targets per unit volume. Where there are no
obvious grains the "grain sise" may be an ap oximation to some
characteristic distance, like a diffusion length, and the number
of targets per unit volume can be taken to be the reciprocal of
the target volume. Such an approximation been made for heavy ion
radiolysis in water and benzene. In these detectors there may be
different response characteristics for different end-points. The
production of HOj,* radicals in water is a 2 hit process as is the
production of H2 from benzene (3). In the Fricke dosimeter, the
creation of Fe+++ from Fe++ ions by the products of water
radiolysis is a 1 hit process (4) . Thus the same substance,
liquid water, can beljave like a 2 hit or a 1 hit detector depend-
ing on the observed end point.

3) THE TRACK WIDTH REGIME

With heavy ions the track In emulsion (and in some other
detectors) often looks like a hairy rope, as large numbers of
energetic secondary electrons are produced, some of which can
penetrate to considerable radial distance from the ion's path
perhaps to hundreds of grain diameters. We refer to such tracks
as being in the "track width" regime.

With heavy ion tracks the appearance of the track critically
depends on hittedness. When C*1, grains will be developed to the
outermost reach of delta ray penetration. At higher C single
electron tracks may be unobservable, and the track of a heavy ion
is observable only where the density of delta rays is suffi-
ciently high that C electrons are likely to pass through a grain.
A C-hit detector gives the appearance of having a "track ©ore"
effect for there are always many more low energy delta raya of
limited radial penetration than there are high energy delta rays.
Such words as "track core effect", "thermal spike", and "ion
explosion spike" have been used as qualitative descriptions of
events taking place close to the ion's path. We know of no valid
evidence for a track core in energy deposition or a thermal spike
or an ion explosion spike.

In the track width regime in a nuclear emulsion the inner-
most part of the track is nearly opaque. The probability for
grain activation, P, is nearly 1 close to the ion's path, where
many electrons may pass through a grain, is some lesser value at
larger distances* and is 0 beyond the maximal radial distance, T,
to which secondary electrons can penetrate. Since the action
cross section is found as the radial integral of the activation
probability, P, we have

9 - 2ir /'p(t)tdt (2)
t-0

The greatest possible value of the cross section is irT2.
This limiting value decreases as the ion slows down as it
approaches the end of its range where the number of delta rays



increases but their maximum energy decreases. Visually we see
the track end of a heavy ion in electron sensitive emulsion look-
ing like a sharpened pencil. This is called the region of "thin-
down" .

We note that in the thin down region the cross section
decreases as the stopping power increases. Thin-down ha3 been
observed with emulsion, scintillation counters, TLD's, and for
several radlobiological end points (5).

t) COMMENTS

The track model is global. But we must remember that global
models cannot be mechanistic, nor can mechanistic models be glo-
bal. It has frequently been the case In physics that parametric
fits to data have served to stimulate a mechanistic understand-
ing. Witness the relationship between the Balmer formula and the
Bohr model of the hydrogen atom. Hopefully our present
parametric model of particle tracks will serve to stimulate a
mechanistic understanding of the behavior of the many detectors
to which it has been applied.

* Supported by the United States Department of Energy.

References

1. R. Katz, "Track Structure Theory in Radiobiology and in
Radiation Detection," Nuel. Track Detection 2,1-28 (1978).

2. R. Katz, "Formation of Etchable Tracks in Plastics," Nuclear
IlâfiiS3. and RacUat^on Measurements 8,1-4 (1981»).

3. R. Katz and GuoRong Huang, Effects in Heavy Ion Radiolysis""
"Track "Core" Effects in Heavy Ion Radiolysis," Radiation
£îlZâl££ and Çhemi.s.tr£ (.in ££©33) (1989 ).

U. R. Katz, G. L. Sinclair, and M. P. R. Waligorski, "The
Fricke Dosimeter as a 1-hit Detector," Nucl. Tracks Radiât.
Meas. 11,301-307 (1986).

5. R. Katz, D. E. Dunn, and G. L. Sinclair, "Thindown in
Radiobiology," Radiât. Prot. Dos.imetry_ 13,281-28»» (1985).



205 P18

CHARACTERIZATION OF GRAFTING INTO ENERGETIC HEAVY IONS TRACKS4

H. BETZ*. J.P. OURAUO», A.LE NOEL», E.BAlAtUAT"

*1ROI/OESICP/OLPC.CEO/CEH Saclay,91191 eif/ïvette Cedex,Franee
"CllW./GtlHIL,BP 5133,14040 Caen,Franc8

Polyvinylidene (PVOF) thin films were irradiated with energetic Iwavy ions froi the national accelerator
Ganil (Caen, France) in the range of the electronic stopping poner. On its way through the solid, the

energetic heavy ion induces excitations and ionizations thus leading to at. anisctropically highly excited
material U ] . In the track of the ions, cheiical Modifications are created, essentially consisted of free
radicals and insaturations [2,3]. Simultaneous in situ grafting (direct) and delayed grafting after
irradiation in oxygène atmosphère (indirect) were performed on this codified polyier with two vinyl
mononers: «ethylnethacrylate (HHA) and styrene. Fairly high levels of grafting «ere obtained with either
nethod.

Grafted samples Here characterized with both bulk (IR1DSC) and surface (XPS) methods. IR (Infrared)
was used in transmission and spectra obtained are a super imposition of those of the hoiopolyters, i.e. PiIHA
(polyaethylnethacrylate) and PS (polystyrene). Besides, little shifts in frequency reveals that the niterial
formed is a real copolyner with interactions (otherwise phase separation Mould occur and no shifts in
frequency would be observed). Hence, IR studies indicate that monomers are polymerizing in the voluie (see
figure 1). DSC (Differential Scanning Caloriietry) shoHS a decrease of the melting temperature which is
emphasized when direct grafting occurs. Energetic heavy ions irradiation, and polymerization in the case of
a direct grafting, affect the cristalline zones of the PVDF (see table 1). Surfaces «ere analyzed by means
of XPS (X-Ray Photoelectron Spectroscopy) (see figure 2). The ttio monomers exhibits quite a different
behaviour, especially in the case of direct grafting. As no PS seems to be graft on surface, Ph1HA, on the
other hand, totally covers the surface. Different mechanisms, depending on monomer's reactivity, could
possibly be responsable of those differences. Nevertheless, characterization of graft samples provides
usefull infornation concerning the structure of the material and allotis us to hope understanding the
grafting mechanises.

Samples indirectly graft with styrene were then functionalized (sulfonation) and marked Kith a heavy
metallic atom (copper). Only aromatic groups can be sulfonated in the copolymer. The copper can then be
fixed to the aromatic group by means of the sulphur atom. Samples Here analyzed in transmission by EXAFS
(Extended X-Ray Absorption Fine Structure) near the copper edge. Such a study gives information on the local
order of the observed atom. EXAFS results reveal that aromatic groups are very close to each other since tw>
of then are attached to the sane copper atom.

Consequently, we have conceived a graft copolymer with unusual high grafting yields. The ionomer
appears under its polyiaerized form and is graft in the bulk. Such a net* type of material cannot be obtained
by the usual chemical or radiochemical way, and thus should possess original properties directly related to
the anisotropy of the polymer/energetic heavy ion interaction.

^Irradiations Here performed at the national laboratory GANIL, Caen, France.

[1] E. Balanzat, J.C. Joussst and H. Touleoionde
N.I.M. §32 (1988) 36
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C-H Stretching Vibrations: a) PVOF irradiated with Krypton ions; b) PVOF indirectly graft

with styrène; c) PVOF indirectly graft with MUA

W Stretching Vibrations: a) PVDF irradiated *ith Krypton ions; b) PVOF indirectly graft

with styrène; c) PVDF indirectly graft with HKA
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!SURFACE MODIFICATIONS OF CRVSTALLINE At2O3 AND SAJO2

INDUCED BV ENERGETIC HEAW IONS

F. JOL L ET*, J. P. WRAUD*

* Se.o4U.on d'Etude, de* Surface*, CEN Sc.ctay 91191
VveJtte.

Pie.v4.ou4 4tudle4 have. 4hown that excitation oi
An CA.y4tatllne SlO2 man induced stable

modifications o<6 theAA. geomeXAÀjcat, e.t&ctA.onlc and
vlbAOtlonat 4tnuctUA.e. (/1/), uiheA.eaA An AJt2O3 no bulk.
de.^ect4 ho4 been d&te.cted {/21).

ThJLd UOAJZ. deat* u><Oth 4UA.ia.ce. madsL&LcatlonA induc&d
by ÀAAjaxLiatÀ,on oh the. 4amp£e<à w-Lth hÀ-Qh enesigy heavy
À.oru>, peA.<bo*jnexL -Ln GANIL on quasitz. A companion u/<Lth
cA.y*ta£jLlne. AL2O^ ha* -ihown that tneA.e, ua* no bulk.
de.6e.ct produced undeA. the tame, condition* In alumina,
but AJt ha* be.en detected,

4pe.ctA.04c.0py.

Both cA.y4taJUUjne. SAJO2 and At2O3 have, been
ÀJtih Kiypton, Oxygen and Xenon 4.on4 o£ about

10Mev/amu and uJLth ituence* tanging faiom 8.1O11

4,on4/cm2 to 1014 <Lon4/cm2. Be.boA.e- iAAadiatlon, the.
4ampt&4 weA.e. baJzed at about 1000'C and the. -eut^ace
4tnjuctuA,e. ho4 been 4tudA&d U4lng Lou Energy EtecJtston
D4,^pta.ctLon. ReidA-ence. 4ampte4 weAje. ptaced. -en the.
J^tAadiatJ.on chambeA,, 40 that they have, the 4ame.
"ht4toA.y", u-Lthout beJLng ÀAAadlatexL.

F-Cg. 1 4how4 vatence, 4pecJtna o£ -ie^eaence, ox.ygen
and tiA.ypton AstAOdiated atpha-qjuantz obtained by
photoete.ctA.on 4pectn.o4copy (XPSh SAJO2 ho4 been
putveAÀzod undeA, Xenon iAAadAxixA.on. It ho4 bean
po44AA>te by mean <?4 DOS catcutatLon4 we. have peAiotmed
uAÀng a tight-bA,ndAng method, to attribute, the maxAJnum
I to non-bondAjng 02p etejcton4, II to the. bonding 02p-
SA.3p and III to the. bonding O2p-SA.3^ on the lebeA&nc*
4ampte.. Spectta teveaut a weakening 06 the, 4tnuctuA,e. I I
and III attest A^Aadiatton, the mote, 4,0 a4 the btuence
•i-6 high. Such a weakening ho4 been ob4eA,ved when goAjng
iA.om CA.y4tattine to amoA.ph.ou4 SlO2 (/3/), 40 that we.
can conclude that lAAadlatlpn Induce* 4UA.^ace dl4OAdeA.
on a thÀclzne44 Q^ about 50 A on alpha-quartz. MoieoveA.,
thl4 dsL4OAdeA, may Induce. 4siteAnal 4tA.e*&4&4 In the
4tAuctuA.e 40 that AJt -c-4 po44lble. to bA.eak. the. 4ampte.
when the ûluence -Li high enough, cu> AJt UXL4 ceAJtalnty
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the ca*e. unde*. Xenon Ivtadlatlon. The^e, -te4u&£4 tute,
con^-Lvned by In^-ta-Red 4pe.cA4.04c.opy whoie 4hl£t4 In
&A.&quency an,e ob4esived on +ampler afatex. -Lwoudleutlon.

A4 4h.own -in FÀ.9.2, -ôuch. a t^i&nd -Lt not detected on
cjt.y4taJlZA.ne. At2O3. TIxL* 4uppo-it4 the. w&t&known -xe*6u£t4
acc.0AxU.n9 to whLch theses. -LA no 4tabte. deiecX pn.odu.ced
À.n cutunuLna unde*. eJLe.atn.onLc ex.cAJbaJtA.on. Hcweve*. we have,
bound that the. Auge*, pata/neée-t f/4/J oi oxygen An
a AC cut AZ2O3 hou» changed attest AMxuUation, the. moue.
40 a4 the. -Incident angle. 04 K-*a.y on +ample, -L* high
dusUng ana£y4l4. ThI* ptoveA that de-ée&t* In
CA.y4ta£jtlne. Al̂ O 3 can be produced on certain 4u*.4ace.

oûentatlan and that they ate. located. In the. top mo4t
atomic Zayest* , 40 that no change. -Là detected -in the
KPS valence band .

(a)

fig. 1 : valence 4pectnxi. 0^ tebestence (a), oxygen (b) and
krypton (c) iKAjtudlaJted alpha-quartz



211 l\L

(a)
(b)

F-i-g. 2: vaZence.
•Ln/uuLLated aJUtmina,

-te^etence (a) and, oxygen (b)

/1/J.P.VwuuMt vt at., RcuUcvtiron

/2/E.VooA.yhAe.,
/3/G.HoZtMigesi,

1987
1979

In SJUO2 undvt
832 (1988)
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RELATIONS BETWEEN ELECTRONIC STOPPING POWER AND DEFECTS HICROSTRUCTURES

INDUCED BY SWIFT HEAVY IONS IN SPINEL OXIDES AND RELATED COMPOUNDS

CHOUPERT*, D.GROULT*. F.STUDER* and M.TOULEMONDE**

* CRISMAT, ISMRa, 14032 Caen Cedex, France

** CIRIL, BP 5133, 14040 Caen Cedex, France

Track formation is a fairly general phenomenon! observed In dielec-

tric materials irradiated by sufficiently energetic charged particles. The

still best accepted theory for track creation mechanism is the ion explo-

sion spike model of Fleischer et al [1], according to which tracks are

highly disordered regions arising from transient positively charged regions

created by electronic stopping. The model has thus been used by Hansen and

al [2-3] to explain magnetic and physical changes induced by 185 HeV-Xe

ions and 333 MeV-U ions in epitaxial iron garnet films. Based on the

etching behaviour of the latent track, the model did not display any infor-

mation about the actual microstructure of the damaged zone.

To understand the mechanism of the track formation, transmission

electron microscopy (TEM) and more specially high resolution electron

microscopy (HREM) should be considered as very useful technics provided

tracks don't fade from view under the electron beam of the microscope as it

is, unfortunately, the case for micas and plastics. In that aim, magnetic

insulators turned out to be very relevant materials owing to the extreme

stability of the latent tracks induced by swift heavy ions (E > IGeV) as it

has been reported earlier for Y3Fe5O12 [4-5]. This paper deals with the

HREM study of the correlations between the values of the electronic stop-

ping power and the microstructure of the defects induced by GeV-heavy ions

in spinel oxides and related compounds [6-7].

According to this HREM investigation, three main domains of the

energy deposited by electronic stopping should be considered to interpret,

on a lattice scale, the whole process of amorphization (metamictization) of

the samples.

1) for values °frr-j higher than about 40 Mev.cm .mg , the spinels

e
(A - Ni2*, Mg2+, Fe2*, Zn2*) exhibit continuous damaged cylinders (fig.Ia)

which radius increases with 1—1 . Similar results are also obtait,°d for

the related compound BaFe12O19 for (-—I > 30 MeV.cm
2.mg"1 (fig.Ib). The la-

ttice micrography reported figure 2 clearly establishes the microstrueture

of the latent tracks which appear formed of a depleted and amorphous core

region 5.0 nm wide, surrounded by a darker shell which can be correlated

with the strain produced by the atoms ejected into interstitial positions.

This picture is thus in good agreement with the explosion spike model of

Fleischer et al [1].
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fis .1 Microcrystals I r radia ted by }£VXe Ions of 27 MeV/n. <t»t - 1012cti'
—~— y (dE\ 7 %

a) BaFe 1 2 O 1 9 . I — - 36 MeV.cm2. mg"1

(àE\ , .
b) sp ine l MgFe2O4 . I—;—1 = 37 MeV.cmz.mg'1

f ig .2 BaFe12O19 i r r a d i a t e d by î 2 9Xe ions of 27 MeV/n. <tt - 5.lO11cra"2

= 36 MeV.cm2. mg"1

,dx/

-12) for |~I ranging between 25 and 35 MfeV.cm .mg , the occurrence of a

change in the defect morphology can be noted on the figure 3 which corres-

ponds to a HgFe2O4 microcrystal Irradiated by 2.5 Gev-Mo ions (I—I — 27

MeV.cm .mg ) : the tracks are now formed of localized and elongated de-
fects distributed along the ion paths. Such defects have also been visuali-
zed In ZnFegO^ and F"^^ specimens irradiated by 3.5 GeV-Xe ions (

lE\ ? 1
-j = 35 MeV.cm .mg ) (fig.4). As a general feature [8j, it seems that

,dx/e
(d£\

the number and the lenght of the defects increase with I—I while the
\dx/e

radius remains nearly constant (~1.5nm).

3) for I—-I lower than 20 Me¥.cm2.mg'y small defects visible only by HRHf

can be expected in spinel oxides. They have indeed been characterized for



ÏLL&.._i MpFe,Q^ irradiated by Mo Ions fig.4 Fe5O^ irradiated by Xe ions of

f_2:> MeV/n. <î>t - 2.1O1 £ cm12cm"2

AiE,
— j ^ 27 MeV.era .mg"1

27JfeV/n . 4*t - 101 2cm"2

37 MeV.cm2 . K ' '

©Y7Fo1-O1, microcrystals irradiated by 3.5 GeV-Kr ions ( I—I — 13J s 1<; ' \dxie

MeV.cm .mg" ) [8J. Thov appear in good accordance with the gap nodel of
Dar'vgf et al [9-10] which suggests that a threshold ionizatlon density is
required for the formation of an extended defect.

The structure dependence of the defects with the energy deposited by
electronic stopping is thus unambiguously shown, varying from continuous
latent tracks towards isolated and spherical defects when the energy passes
through a threshold value which characterizes each compound.

[3;

Ul

! Ï]

[8!

FlOl

R.L.FLEISCHER. P. B. PRICE and R. M. WAMER
Nuclear Tracks in Solids (University of California Press, Berkeley,
1973)
P. HAiMSEN and HJfEITMANN
Phys. Rev. Lett. 43, (1979) 1444.
P.HANSEV, H.HEITMANN and P.M.SMIT
Phys. Rev. 826, (1982) 3539.
CFUCHS, F.STUDER, E.BALANZAT, D.OROULT, M.TOULEMQNDE and
J.C JOUSSET
F.urophys. Lett. 3, (1987) 321.
CHOUPERT, M.HERVIEU, D.GROULT, F.STUDER and M.TOULEMONDE

Nucl. Instr. and MeCh. M a (1988) 393.
D.GROULT, M.HERVÏEU, N.NGUYEN, B.RAVEAU, G.FUCHS and E.BALANZAT
Rad. Eff. 90 (1985) 191.
M.HERVIEU, D.GROULT, B.RAVEAU and G.FUCHS
J. Solid State Chem. 62, (1986) 261.
CHOUPERT, F. STUDER, D. GROULT and M.TOULEMONDE
Nucl. Instr. and Meth. (1989) to be published
E.DARTYGE, J.P.DURAUD, Y.LANGEVIN and M.MAURETTE
Phys. Rev. EgI (1981) 5213.
E. DARTYGF. and P. SIGMUND

Phys. Rev. B32 (198r>) 5429



217 In

L
[% P21

HIGH-ENERGY XENON ION IRRADIATION EFFECTS ON THE ELECTRICAL
PROPERTIES OF YTTRIUM IRON GARNET (+)

J.M COSTANTINI*, J.L FLAMENT*, D. GROULT**, L. SINOPOLI*,
F. STUDER , M. TOULEMONDE **, J. TROCHON , et J.L UZUREAU

* CEA Bruyères le Châtel, Service PTN, BP 12,
91680 Bruyères le Châtel, France

** CRlSMAT, ISMRa, Université de Caen, 14032 Caen Cedex,
France.

*** CIRIL, BP 5133, 14040 Caen Cedex, France.

Thin monocristalline samples of yttrium iron garnet
Y3 Fe5 O 1 2

 w e r e irradiated at room temperature with 27 MeV/A
132 Xe ions at varying fluences up to 3.5 x 10 1 2 ions cm"2.

Transverse d.c resistivities of irradiated samples
were measured at room temperature as well as the real and
imaginary part of the dielectric constant up to 10 MHz. YIG d.c
conductivity and dielectric losses were found to rise up
markedly as the irradiation dose increases while the real part
of the permittivity increases very slightly.

These preliminary results are discussed bearing in
mind that latent tracks should extend throughout the bulk of
samples since the mean electronic energy loss of the ion beam
(23 MeVpwT) exceeds the critical value for track formation in
YIG (8,5MeVpW*1) [I].

Yet the variations of d.c conductivity and losses
do not follow an expected linear damage law as a function of
the volume fraction of disordered crystal (this fraction
ranging from 25 to 70 % ) .

Some tentative explanations are given such as the
formation of Fe 2 + in the strained crystal region around the
amorphous track core.

[1] M. TOULEMONDE et al.
Phys. Rev. B 35 (1987) 6560

(+) Irradiation experiment performed at the GANIL National
Facility
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IRRADIATION DAMAGE IN CARBON STRIPPER FOILS INDUCED BY HEAVY
IONS

G. DOLLINGER and P. MAIER-KOMOR

Physik-Department, Technische Universitât Mlinchen,
D-8046 Garching, FRG

Thickening and shrinkage are the well known macroscopic effects, which
can be observed on carbon stripper foils, irradiated with heavy ions C1-4L Both
effects deteriorate the stripper quality after irradiation with an ion specific,
certain dose: Thickening reduces the ion transmission through a tandem acce-
lerator due to the larger small-angle scattering CS]. The shrinkage finally
results in the rupturing of the carbon foil. There is not much known about the
microscopic effects which lead to the obvious macroscopic changes. Therefore
slackened carbon stripper foils of about 4 ng/cm2 thickness, were investigated
in order to get more information about irradiation damages. These carbon foils
were produced by vacuum evaporation-condensation method and used for heavy
ion stripping in the terminal of the Munich MP tandem.

Direct knock on collisions of energetic, heavy ions with carbon atoms in
the stripper foil are responsible for the irradiation damage. This can be extrac-
ted from lifetime measurements at various energies and for different ions, in
which the lifetimes of carbon stripper foils were always inversely proportional
to the nuclear stopping power [6,7]. Whereas no dependence on the electronic
stopping power could be detected, it is stronger than the nuclear stopping
power at energies of about 10 MeV. The deposited energy of the electronic
stopping power determines the temperature of the carbon foil during ion
irradiation. Thus a stripper foil can reach temperatures above 1000 K with
normal beam currents at ion energies of about 10 MeV [8].

Calculations of irradiation damage with a Kinchin Pease model and in
addition with the Monte Carlo program TRIM 87 [9] revealed, that under
normal irradiation conditions (4 mm beam spot diameter, 9.5 mm free-standing
foil diameter) each carbon atom is displaced about 5 times during the lifetime
of a slackened carbon stripper foil. The lifetime of such carbon foils, is about
7.2 pmC, if the irradiation is done with sulphur ions of 10 MeV [101 With a
beam spot diameter of about 0.4 mm, which can be obtained at extreme ion
beam injection limitations, each carbon atom is displaced about 50 times during
the lifetime of the stripper foil [81 Only 2 to S % of the knocked carbon atoms
are sputtered although these foils are only 4 [ig/cm2 thick. All other knocked
carbon atoms remain in the foil and are rearranged due to the high tempera-
ture during irradiation.

Due to the repeated displacements of the carbon atoms microscopic
changes ocurr, which were investigated by electron microscopy [81 Together
with results from investigations of neutron induced irradiation damage in



220

graphite [11,123 a clear picture of the irradiation damage process in thin carbon
stripper foils could be presented [8]:

The recombination of the interstitials with the vaeencies, both produced
by the direct knock-on collisions, is hindered by a barrier of about 0.24 eV.
Therefore the interstitials diffuse between the basal planes of the quasi-
-hexagonal micro crystals (length 2 to S nm CtO]), formed by the high
temperature during irradiation, until they cluster and build up new basal
planes. This process results in a growth of the micro crystals in the
c-direction and is responsible for the thickening of the carbon foil in the beam
spot area, because all c-axes of the micro crystals in a carbon foil, produced
by evaporation-condensation, are aligned nearly perpendicularly to the foil
surface [103.

Other possibilities for the annihilation of the interstitials are binding to
seeds between the micro crystals or at the foil surface. This process results in
thickness inhomogeneities, which can be seen in electron micrographs [8].

The vacancies diffuse parallel to the basal planes due to the high
temperature during irradiation and build up vacancy lines in the micro crystals
or collapse at their boundaries. Both leads to a contraction of the micro
crystals parallel to the basal planes. Due to the texture and because of forces
and connections between the micro crystals the whole foil area shrinks, which
finally leads to the rupturing of the stripper foil.

The consequence from these investigations is, that carbon foils with no
texture should show better stripper performance. This required condition Ss
partially fulfilled for carbon foils produced in a glow discharge process £83.
But the mechanical properties of these foils as well as their stripper
performance is still not good enough. Therefore further work has to be done
to find a preparation technique for carbon stripper foils, which has the
postulated crystallites arrangement.

[1] J.L. Ynterna and F. Nickel, Experimental Methods in Heavy Ion Physcis,
Lecture in Physics, Springer Verlag, Berlin, Heidelberg, New York (1987)
p. 206.

[23 S. Takeuchi and S. Kananzawa, Nucl. Instr. and Meth. 206 (1983) 331.
[33 R.L. Auble, J.K. Bair, D.M. Galbraith, CM. Jones, P. H. Stelson and D.C.

Weisser, Nucl. !hstr. and Meth. 177 (1980) 289.
[43 B. Huck, thesis, Heidelberg, FRG, 1981.
[S3 G. Dollinger and P. Maier-Komor, Proc. 14 th World Conf. of the INTDS, to

be published in Nucl. Instr. and Meth.
[63 A.E. Livingstone, H.B. Berry and G.E. Thomas, Nucl. Instr. and Meth. 148

(1937) 125.
[73 P. Dobberstein and L. Henke, Nucl. Instr. and Meth. 119 (1974) 611.
[83 G. Dollinger and P. Maier-Komor, Proc. 14th World Conf. of the INTDS, to

be published in Nucl. Instr. and Meth.
[93 J.F. Ziegler, J.P. Biersack and U. Littmark, The Stopping and Range of Ions

in Solids, Pergamon Press, New York, vol. 1 (1985) p. 53.
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[IQ] G. Dollinger and P. Maier-Komor, Nucl. Instr. and Meth. A2S7 (1987) 64.
[113 B.T. Kelly, Carbon IS (1977) 117.
[12] B.T. Kelly, Physics of Graphite, Applied Science Publishers LTD. Englewood

New Jersey (1981) p. 423, p. 362.
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THE EFFECT DF SWIFT IONS HEAVIER THAN Ar QN A Ge SINGLE CRYSTAL

AND A NEW MECHANISM OF AUTORECRYSTALLIZATION

S.A.Karamyan, Yu.Ts.Oganessian, V.N.Bugrov

Joint Institute for Nuclear Research,Oubna,USSR

By using the crystal blocking technique the damaging effect

of swift heavy ions on a germanium single crystal has been studi-

ed. Polished, (111) oriented wafers 0.1 and 0.2 mm thick were

irradiated at room temperature with the following ion beams:

Ar - 25 MeV, 63Cu - 35 MeV, 84Kr - 73 MeV, 129Xe - 122 HeV,

Xe - 56 and 116 MeV. Scattered recoils and projectiles were

detected with ordinary glass track detectors. Blocking minima

profiles were measured for <111> Ge axis, directed at an angle to

the beam in the range of 49-64°. Minimum yield fa and ion damag-

ing powerAXrarf/ACp were determined as a function of the ion

fluence ̂ p , The extremely low damaging power of 116 and 122 MeV

Xe ions is revealed. It is established that no anomaly of this

kind exists at Xe ion energies E^ <;56 MeV. A new mechanism of

medium response was proposed which consists in autoreerystaliiza-

tion in the region of primary defects due to thermal microproeess-

es along a highly ionizing particle track. The threshold activa-

tion of the new mechanism with increasing ion stopping power was

confirmed experimentally, as is obvious from the figure. The

possibility is consequent of the high-energy implantation of heavy

element ions into semiconductor without damage in the surface lay-

er several pm thick. It is also possible to anneal incompletely

amorphized layers in this

kind of implantation.
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DAMAGE RELATED DEEP ELECTRONIC LEVELS IN SILICON
IRRADIATED WITH 1.6 GeV Ar IONS

J. KRYNICKI*, M. TOULEMONDE**, J.C. MULLER***, P. SIFFERT***

* Institute of Nuclear Chemistry and Technology, Warsaw, Dorodna 16, Poland.
** CIRIL, BP 5133,14040 Caen Cedex, France.
*** Centre de Recherches Nucléaires, Strasbourg, France.

During the last few years, the interest in high energy implantation has increased

considerably. By increasing the energy of implanted ions, it is possible to obtain highly doped

buried layers while keeping the surface concentration low. In this lvay, three dimensional

doping of semiconductors and design of some novel and important devices may be possible.

Both low and high energy importation creates defects which influence die elect.',cal

properties of the crystal. In the preceding paper [1] we studied the electronic properties of the

defects created by low dose of 1.6 GeV argon ions in silicon single crystal. The aim of this

paper is to show the evolution of deep levels induced by irradiation 1.6 GeV Ar+16 ions to a

wide range of dose Ar implanted ions.

The n-type silicon wafers used in the present work were Czochralski-grown

crystals commercially available, polished and dislocation-free. Silicon oriented along the «i 1 1>

direction with a resistivity of about 8 Q*cm was used for the experiments. The silicon wafers

were doped widi P at a concentration of l*1015 cm *3. After standard cleaning the silicon wafers

were mounted in special apparatus for irradiations. The width of the sample varied from 0.10 to

0.27 mm. The samples were stacked together and the argon ions transferred through the first

few samples. Irradiation was carried out at GANIL, Caen, France. The following doses of the

argon ions beam were used; 3* 1013,3* 1014,8* 1014 cm -2. The beam currently used was 10 9

Ar/s*cm2.The temperature of the sample during irradiation did not exceed 9O0C. After

irradiation, the Schottky diode were performed by gold evaporation. Deep level transient

spectroscopy (DLTS) was used to measure the electrical properties of the observed defects.

The DLTS spectra obtained from the silicon wafers irradiated with the following

doses of 3*1013 • 3*1014 and 8*1014 cm "2 are presented in Figs.!, 2 and 3, respectively. For

the lowest dose of implantation the obtained results can be summarized as follows :

The Ec - 0.22 cV dominant level can be associated with divacancy in the silicon.

The E0 - 0.18 eV level is associated with A centre. The nature of the defect associated with Ec -

0.26 eV level has not been identified but it should have a rather simple structure such as a

multivacancy or V2-O pair. The Ec -0.43 eV and Ec-0.63 eV levels could be associated with V-

P pair and dislocation, respectively. Some of the levels (i.e. Ec-0.33 eV, Ec-0.47 eV, Ec-

0.49 eV and Ec-0.54 eV) have been observed in other work in silicon irradiated or implanted

layers. Probably these levels are associated with extended or more complex defects.
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A few of the observed defects are present deeper than the projected range of

implanted rgon ions. This effect can be explained by nuclear fragmentation of the argon

nucleus.

For the higher dose of Ar ions (i.e. 3*1014cnr2> the DLTS spectra (see Fig. 2)

change considerably. However, a few of observed levels are the same as have been found for

low dose irradiation. Concentrations of the all traps found after higher dose of implantations are

lower than that which are observed after low dose irradiation. lit seems thaï during implantation,

some annealing or defects transformations processes should occur. This thesis supports the fact

that after increasing of the dose new defects appear. These observations indicate that levels are

associated with complex or extended defects. Like at low dose irradiation we have found deep

traps which are located deeper than projected range of implanted ions.

A few levels (Ec-56eV, Ec-O.58eV, Ec-O.6eV) observed in samples irradiated

with the medium dose (3»1014 cm*2) are also existing in samples irradiated with the highest

dose of argon ions (see Fig.3). In this last case we have observed only broad peaks. They

cause some difficulties in obtaining accurate values of E0, cn, and concentration of the traps.

Comparison with other works [2-4] and kinetics of capturing permit to conclude that these

levels should be associated with dislocations or extended defects in silicon lattice.

Presented results need some additional studying using other methods like TEM to

identify the types of extended defects which have influence on electrical properties of silicon.
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Fig.l DLTS spectra from Si irradiated
with 1.6 Gev Ar ions/dose of 3 x 13

Fig.3 DLTS spectra from Si irradiated
with 1.6 GeV Ar ions / dose of 8 x 1014cm-2/.

0,66

Fig.2 DLTS spectra from Si irradiated
with 1.6 GeV Ar ions /dose of 3 x

C:5

0,1

[1] J. Krynicki, M. Toulemonde, J.C. Muller, P. Siffert
Proc. of E-MRS 88, Strasbourg 30.05-02.06, will be
published in Materials Science and Engineering in 1989.

[2] L.C. Kimerling and J.R. Patel Appl. Phys. Lett.JK1979) 34.

[3] W. Szkielko, O. Breitenstein and R.Pickenhein
Crystal Research Technology JJE (1981) 197.
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X-RAY AND ELECTRONHICROSCOPIC INVESTIGATION OF DEFECTS INDUCED IN
SILICON BY 42 MeV/n Kr IONS

J. AULEYTNER

Institute of Physics, Polish Academy of Sciences
02-668 Warszawa, Al. Lotnikow 32/46, Poland

In this report, I would like to present results which were obtain-
ed by using X-ray traverse topography (edge contrast effects), section
topography, precise lattice constant measurements and, additionally,
some TEM observations.

The edge contrast appears in the traverse topography of the image
of the boundary between the implanted and non-implanted areas of Si wa-
fer. In the kinematical case (ut<1), whereju is the absorption coeffi-
cient and t the thickness of a wafer, maximum contrast is observed as a
black line if the condition (g«fl)= +1 is fulfilled, where g denotes the
diffraction vector and H the strain vector. From this follows that the
implanted region is stressed in compresion, and the undisturbed parts
of the wafer are stresses in tension. This mechanical state of the sam-
ple is due to the defects whieh generate a volume increase in the impla-
nted area of a crystal. The intensity of this black contrast is propor-
tional to the ion doses. This relation depends, however, on the ion mass.

In the case of section topography the incident beam coming from a
quasi point focus is collimated by a very narrow slit. In a prfect crys-
tal, set in the interference position for the net-planes nearly perpen-
dicular to the crystal surface, it generates a form of a wave field,
propagating within the so-called Borrman triangle, limited by the inci-
dent and reflected directions, respectively. The wave field gives rise
to the so-called Pendellbsung interference fringes. The visibility of
the interference fringes is very sensitive to the perfection of a crys-
tal. It decreases strongly with increasing concentration of microdefects.

In the experiment performed the following procedure was followed.
A set of parallel-cut silicon plates of the same thickness and orienta-
tion <11 r> was used. Both sides of the plates were chemically polished
to remove the damaged surface layer, which could be produced during me-
chanical treatment. It was proved by X-ray transmission topography that
before implantation these plates were free of dislocations and stresses.
The plates were placed one behind another in a copper holder in such a
way that the ion beam was quasi parallel to the *" 111~> direction. The sa-
mples were covered by a 2 mm thick copper plate with a circular hole of
8 mm diameter. The implanted crystals were studied with Lang-type X-ray
transmission topography. K.< ., Mo or Kd.Cu radiation emitted from an
X-ray tube with a quasi point source was used. A U the topogrammes were
obtained at the same time, with a voltage of 40 keV and anode current
of 300 juA. Because of the relatively small irradiation doses applied,
it could be expected that the influence of post-implantation defects
on the diffraction effects would be very small. Therefore, the dif-

"Experiment performed pariai Iy at the GANIL National Lab. F-14021 Caen,
France.
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fraction edge contrast between implanted and non-implanted regions has
been studied.

In describing experiment, six parallel-cut silicon plates of thick-
nesses of about 190 Aim were studied. Thev have been irradiated by Kr ions
with the energy of 42 MeV/n and dosesi 1Q13and 3 101^Cm"*.The samples were
cooled by liquid nitrogen vapour. The purpose of this experiment was to
estimate the distribution and range of the structural changes caused by
Kr ions, with given energy, on the basis of quantitative measurements of
the edge contrast as a function of the ion path in a crystal. The rela-
tive intensities of the edge contrasts caused by strains appearing on the
boundary between the implanted and non-implanted regions were photometri-
cally asigned, measuring the film darkening.

Figure 1 shows sections of the topogrammes from which the photometric
curves of blakening at the same level (A-B line) were obtained (for the
case of a dose 3-10*3 i/cm^). The direction of the diffraction vector
(in this case v21T) is denoted by an arrow. An increase of contrast In-
tensity is visible as the ion beam passes through larger and larger num-
bers of plates. No edge contrast was observed for plate 6. Determination
of the area under the photometric curves, after removal of the background,
led to an estimation of the magnitude of the relative integrated intensi-
ties of the contrast satisfying the condition that intensity is proportio-
nal to the blackening in the range discussed.

Fig- 1

Figure 2 shows the dependence of the integrated intensity of contrast
on the path length of the ions in the material investigated. In the case
of the plate 5, maximum values of contrast intesities were observed. This
proves that for this particular plate, most of the ions stopped their mo-
tion, loosing all of their energy and creating defects of largest density.
In the case ôf this plate, was possible to measure the increase of the
lattice constant in the<111> direction - about: 0.000195 A - which cor-
responds to a change of the lattice constant in the <I12> direction of
ca 0.000035 A. Knowing the strain (increase of lattice parameter), Young's
modulus and Poisson's ratio, it was possible to estimate the stresses con-
nected with the contrast observed. In the case discussed, the stresses we-
re 2.96 10? dym/cm^, in the plates from 1 to 4, the stresses were much
smaller. Changes of sample volume measured in the implanted region are ca-
used by lattice defects. On the basis of the measurements performed, one
can estimate the maximum range of Kr ions of energy 42 HeV/n in silicon.
In the case discussed, it lies in the interval of 760-950 urn, whereas the
theoretically calculated range is 716 urn. Summarizing, it was shown that
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measurements of contrast intensity in the X-ray image of the boundary be-
tween the implanted and non-implanted parts of a Si-crystal allow us to
estimate the profile of the depth distribution of post-implantation defe-
cts.

1000
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'I€00
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190 380 570 760
path length L/'/im/

Fig. 2 Fig. 3
Figure 3 shows a section topograph of a silicon crystal bombarded by

Kr-ions (plate 4 from the third experiment). On a background of interfe-
rence fringes of defects with dimensions of 30-40 urn are visible (denoted
by the arrow).

Increase of sample volume during a process of implantation with a re-
latively small dose of ions is mainly caused by point defects, particula-
rly their clusters This was shown with the help of a transmission elec-
tron microscope. Figure ka and b shows the image of a crystal interior
(plate 4, dose M O ' 3 i/cm2) as a bright field. Defects with densities
in the range from 9<109 to 9 1010 cm'2 are visible. Diameters of the de-
fects are about 100 8. Figure 4a shows the image in the case of "overfo-
cus" (dark spots), and figure 4b - "underfocus" (bright spots). That kind
of contrast can be obtained in the case of agglomeration of vacancies.
In studying, in TEM, the characteristic X-ray radiation of Kr by using an
energy dispersion spectrometer, no signal was obtained. This means that
vacancy agglomerations are either empty or the gas content was very small.

Fig. 4
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PHASETRANSFORMATIONSINDUCED BY SWIFT HEAVYIONS IN THENEW
HIGH Tc COPPER OXIDES.

D. BOURGAULT **, D. QROULT *, S. BOUFFARD **, M. HERVIEU \ J. PROVOST *,
F. STUDER* and B. RAVEAU *.

•Laboratoire de Cristallographie et Sciences des Matériaux (CRISMAT)1
ISMRA , Bd du Maréchal Juin 14032 Caen Cedex , France .
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Since the discovery of high Tc superconductivity in ternary copper
oxides [1] many studies of irradiation damage in these materials have
already been performed. With regard to electrons and fast neutrons which
produce defects by elastic collisions, swift heavy ions (E > 1 QeV) allow
to clearly investigate changes induced by inelastic collisions because
of electronic stopping powers about 2000 times higher than nuclear
stopping powers over 90%of the ion path. The purpose of this paper is to
report on recent experimental results obtained at GANlL for high Tc
copper oxides irradiated by 2.9 GeV-Krypton ions and 3.5 GeV-Xenon ions .

Sintered bars (5x1x0.1 mm)of YBa2Cu3O7y(0.1«K0.7). Bi2Sr2CaCu2Ol
and TI2Ba 2Ca 2Cu 3010 superconductors have thus been irradiated at 105K
for in situ resistance measurements and at 300K for magnetic and
electron microscopy investigations. Figure 1 gives as an example the
temperature dependence of the resistance between 105 and 4.2K for

9.1 101Z

1 0 ; 2

o

0 . 0 1 - r
0 10 20 30 40 .50 60 70 80 90 100 UO

•temperature ( K )
Fig. 1 : In situ resistance measurements as a fundion of T for th« "12 3" suptrconducior inadMMl by 3 5 GeV-Xt kmc

YBa2Cu 3O6.9 specimen prior to and after irradiation by 3.5 GeV-Xe ions at
fluences ranging from 5.1011 to 9.1 1012 cm*2 [2-3]. With increasing
Xe-fluence, three main features can be outlined : i) the
superconductivity is destroyed at higher fluences for YBa 2Cu 30 M
(<|>t>6.1012Xe/cm2) and T12Ba 2Ca 2Cu 3010 than for Bi2Sr2CaCu2OI(0t>2.1O12

Xe/cm2) which exhibits indeed an extreme sensitivity to irradiation
induced defects; ii) the Tc offset decreases more quickly than the Tc
onset leading to a transition width (taken from 10 to 90%of Rat the
onset) which increases in the case of YBa 2Cu 3O 6,f from IK before
irradiation to 45K at <J>t« 6.1012Xe/cmz. This effect has been attributed to
induced defects inhomogeneously distributed which affect more strongly
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the intergrain couplings and hence the Tc offset than the intragrain
properties and hence the Tc onset; iii) the resistance at 105K is
drastically increased after irradiation emphasizing once again the
highest sensitivity of Bi2Sr 2CaCu 2Ol compared to that of YBa2Cu 3OM and
T12Ba 2Ca 2Cu 3O10. Furthermore it is noticeable that the slope dR/dT which
indicates a metallic state for the virgin samples gradually decreases
towards negative values indicating a phase transformation to a
semi-conducting and then to an insulating behaviour .
In the particular case of the "123" superconductors YBa 2Cu 30 7-y
(0.1<y<0.7) it is shown that the rate of suppression of Tc with fluence
and the increase of 6Tc clearly depend on the oxygen deficiency (fig.2).
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Fig. 2 : The reduced transition tompenturi TcTco and the transtion widti ̂ TC vtrsui fiutnce for "123* phtMS (*0.10«*0,28«*
0.46.T, 0.62** ) kndimd by 3.5 QtV-Xi ions at 105 K.

T h e increases of both parameters is thus larger for samples of low
oxygen content i.e y « 0.46 and 0.62 which exhibit a T c suppression below
4.2K at smal ler f luences than Y B a 2Cu 3O 6.9. The grea ter sens i t iv i ty of
these low oxygen content superconductors is probably due to the
particular structure of these compounds which show [4] intergrowths of
insulating YBa 2Cu 3O 6 regions or chains with conducting YBa 2Cu SO 7
regions or chains. As a consequence it should be expected that the
insulating parts of the matrix wili be more sensitive to ionization
processes induced by electronic stopping than the conducting ones.

In order to elucidate the nature of the atomic transformations
responsible for the Tc decrease and the STc broadening a high resolution
electron microscopy investigation has been performed on YBa 2Cu 3OM
microcrystals irradiated by 3.5 GeV-Xe ions at 300K and 0>t - 1O12CnT2 {5].
Accounting for the random orientation of the grains with respect to the
Xe ion beam, the nature of the defects appeared strongly dependent upon
the direction of the ions with regard to the layers of the YBa 2Cu 3O 7
structure. This is to be compared with previous results obtained for
BaFei2019 [6] which is also anisotropic. For grains corresponding to the
layers normal to the Xe ion beam, typical induced damage zones have been
characterized. They appear as amorphous white lines located at the
levels of Cu(1) and BaO layers or as contrast modulations implying a
doubling of the lattice parameter "a". As the superstructure 2a
disappears after a prolonged irradiation under the electron beam (E «0.2
KeV) it has been assumed that the crystalline to amorphous transition
occurs when a critical density of point defects i.e oxygen vacancies and
interstitials is exceeded what supposes local changes of the oxygen
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content between O7andO6ln the Cu(I)-O chains. Such data provide anew
insight into the lamellar morphology and amorphous transformations
which have been reported earlier for reduced phases with oxygen
contents between 6.5 and 6.67 [4].
For grains corresponding to BaO and CuO layers parallel to the ion beam,
we observed the appearance of dotted latent tracks (fig.3) similar to
that visualized in magnetic insulators [7] and probably due to high
electronic energy loss effects.

Fig. 3 : UUnt tracks visustiztd by high r«wlutjon tltcfeon micmsoo» m i 23* tnfciocrysWs imdWMf by3L5GtV-XéiBnsat300 Kand
12 n*

The existence of such trails of damage formed of successive extended
defects which should act, as it is well known, as pinning centers for flux
lines should now explain the reduction in size of the Meissner and
shielding effects observed in the irradiated samples. They are also
responsible for the hysteretic effect of the magnetization M(H) curves
and hence of the enhancement of the critical current density which
increases indeed by a factor of 3.5 or 2 if the defect density remains
below a threshold value corresponding to afluence <|H =2.510 Xe/cm* for
YBaîCu 3O6.9 and (}>t = 1011Xe/cm2 for Bi2Sr 2CaCu 2Ot.
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ELECTRON DENSITY WAVES IN SUPERCON-
DUCTING MATTER

K. GRIEPENKBRL, B.MÛLLER, W. GREINER

Institut fur Theoretische Physik, Johann Wolfgang Goethe Univerwtit,
6000 Frankfurt a. M., F.R.G.

The reaction of solids to penetrating ions can in many aspects be accounted for if the
solid is described by a homogeneous isotropic electron plasma with a positive background
For ion velocities vo exceeding the Fermi velocity VF of the electrons in the solid an
axially symmetric wake of electron density is induced in the plasma As pointed out by
W.Schafer et al. [1] the regions of maximally enhanced electron density behind the ion
have the characteristic behaviour of Mach cones which were predicted to result in a
directed emission of electrons from the target preferentially at the Mach angle. Here the
calculation of the energy dependence of the Mach angle and the angular distribution of
the emission were based on an explicit expression for the polarization potential

00

where the ion is assumed to move in positive z-direction with constant velocity «o, p

and z are zylindrical coordinates in the ion rest frame, and *e2 » Jb2 —14. For «|| a linear

approximation of the dielectric function

«2

was employed, thus neglecting possible damping effects.

In our recent work we aim at describing the reaction of a superconductor to penetrating
heavy ions. To this end we use the Landau-Ginsburg equations [2], derived by minimizing
the free energy of a superconductor,

where V" » the order parameter of the Landau theory of second order phase transi-
tions, FnQ is the free energy of the non-superconducting material in the absence of a

[1] W.Schàfer, H. Stocker, B. Millier, and W.Greiner: Z.Phyùk A 288,349-352(1978)
[2] L.D.Landau,L.P.Ginsburg:JETP2O,1064,(1950)
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magnetic field, and B(= rot A) is the potential of an external magnetic field. To enable
consideration of external charges and currents, a relativistic generalization is used:

/1 ̂
+2m2c2M2-Ij^JdV . (4)

Here 4 s ^ m ) " 1 / 2 ^ • esp(-2imc2*/ft2).
Minimization with respect to 4> then yields

0 . (5)

First we will treat the stationary case (OA0/dt = 0, A = 0) of an ion fixed in a su-
perconductor with infinite dimensions, which will appropriately be described by the
nonrelativistic limit of Eq.(5),

A ^ - a 2 0 - f c 2 H V - 2 c 4 ^ = O , (6)

where we set 02 = 4m/ft2 -a, 62 = 4m/fi2i. Transforming Eq.(5) to spherical coordinates
and setting ^(r, H) = / (r) • YM(J?), Eq.(5) reduces to a radial equation. Reseating / by

introducing / = /1 • sfô^/H th« equation for f\ reads

- 0 , (7)

Here the Coulomb potential C/r is represented by the term ^ as a parameter ro is

introduced such that r = r0 • x and IeC -T0 = 02 • r2 := 03. The integral takes into
account the part of electromagnetic interactions between the Cooper pairs caused by
their displacement due to the ion. Here ft = 4c2r2fi2/6.
This equation is solved by numerical integration the result of which will be presented
as well as steps made towards investigating changes in the Cooper pair density induced
by an ion approaching a superconducting half space.
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ION-BEAM-INDUCED PLASTIC DEFORMATION IN VITREOUS SILICA

A. BENYAGOUB, S. LÔFFLER, M. RAMMENSEE, and S. KLAUMUNZER

Hahn-Meitner-Institut, Postfach 390128, D-IOOO Berlin 39, FRG

Swift heavy ions predominantly lose their energy in a solid via excitation
and ionization of target atoms. It was then believed that such ions never create
atomic displacement in solids with metallic conductivity. However, in the last few
years, it was demonstrated [1-5] that irradiation of metallic glasses induces
anisotropic plastic deformation. Above an incubation fluence, the sample
dimensions perpendicular to the ion beam grow whereas the sample dimension
parallel to it shrinks in such a way that the mass density remains unchanged.
Here, we report similar effects in the case of an insulating glass, namely vitreous
silica.

The samples were 7 to 13 um thick and —3x1 mm2 in size. They were clamped
between copper blocks in such a way that a portion (—0.8 x 1 mm2) of each specimen
was available for exposure to irradiation. The irradiating particles were 20Ne,
36Ar, 58Ni and 129Xe of kinetic energy 70,151,230, and 360 MeV, respectively. In
table I, we have summarized the projected ranges Rp, thickness-averaged
electronic energy losses <SC> and nuclear energy losses <S n > as calculated by
the TRIM code [6]. It can be seen that < Se > was more than 2 orders of magnitude
greater than < S n > , and that Rp was always considerably larger than the sample
thickness.

Moreover, to avoid irradiation induced bending, the samples were alternate-
ly irradiated from both sides by rotating the sample-holder by 180°.

Ion

20Ne

36Ar

58Ni

129Xe

Rp
(um)

37.4

39.4

34.6

28.6

<S e >
(keV/nm)

1.6

3.7

7.1

15.1

< S n >
(eV/nm)

1.1

3

7.3

35

Table I: Beam-target parameters as deduced from TRIM [6].

In the case of Xe irradiation, two geometries were used. In geometry 1, both
length Î and width b of the samples were perpendicular to the beam. In geometry
2, the length remained perpendicular to the beam but the width axis formed an
angle of 45° with the beam axis.

In the following, the subscript 1 and 2 refer to geometry 1 and 2, respective-
ly. Before and after the irradiation, length measurements were performed by
using an optical microscope (magnification 10Ox) at room temperature.

In fig. I the relative dimensional changes of length, Al/l0 . and width, Ab/b0
of the samples are shown versus Xe fluence <j>t for the two irradiation geometries
do and b0 being, respectively, the length and the width of the unirradiated
samples). At low fluences (<bt< 10'3 Xe/cm2), one can notice a shrinkage off and b
whatever the geometry. This shrinkage is ascribed to an isotropic radiation-
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induced densification Ap/p0 [7]. Above $t = XO'3 Xe/cm2, the dimensional
changes depend on the irradiation geometry. In geometry 1, t and b grow linearly
with increasing fluence without tendency to saturation. Whereas in geometry 2, t
increases as in the former case but b shrinks. This effect clearly demonstrates, as
in metallic glasses [1-5], that the anisotropy of the sample deformation stems
from the ion beam and not from intrinsic internal stresses. Therefore, all the
dimensional changes, as seen in fig. I, can be described by

(D

for irradiation geometry 1 and

V2

A6 1 Ap

(2)

(3)

for irradiation geometry 2.

Fitting the relations (l)-(3) to the experimental data, one obtains the maxi-
mum value (Apmax/po = 3.0 ±0.2%) of the radiation-induced densification Ap/p0
of vitreous silica. Moreover, one finds Â2 =*- 0.5 Ai which is, as in the case of me-
tallic glasses, a consequence of constant mass density (assumed to occur here after
the radiation-induced densification mentioned before, i.e. for $t > 1013 Xe/cm2).

Hum
5 10 15

tltctronic tntrgy loss <S()(ktV/nm)

Fig. H: Plot of the deformation rate
Ai vs. electronic energy loss <Se>
for vitreous silica.

Fig. I: Dimensional changes of vitreous
silica vs. Xe-ion fluence $t ((•) AbZb0)
(o) AW0, geometry 1; (f ) Ab/bo,
(V) A£/€o, geometry 2). The full lines
are fits to eqs. (I)-O).

. In fig. n, the variation of the deformation rate A] is plotted versus the elec-
tronic stopping power < Se > for the different projectiles used. It is obvious that A|
increases almost linearly with <Se> above -«2.5 keV/nm.
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Fig. Dl: Variation of the deformation rate Ai with temperature.

Figure IK presents the behavior of the deformation rate Ai with the irradia-
tion temperature T. If one assumes that the ion-beam-induced plastic deformation
is due to the Coulomb explosion mechanism followed by relaxation processes [2,
8], the decrease of the deformation rate Ai with T could be explained by the fact
that as the temperature arises, the relaxationprocesses become more efficient in
compensating the initial Coulomb explosion effects.

In conclusion, we have shown that the irradiation of vitreous silica with
swift heavy ions induces, as for metallic glasses, large sample growth of which
anisotropy is related to the ion beam direction. We have found an effective
electronic stopping power threshold of "2.5 keV/nm for this growth phenomenon.
The value of this threshold is just below that needed ("4 keV/nro) for creating
etchable latent nuclear tracks [8]. The occurrence of such an electronic stopping
power threshold in many effects (like plastic deformation [2], radiation damage
[4] and latent nuclear tracks [8, 9] } induced by swift heavy ions in different
materials needs certainly further investigations.

[1] S. KLAUMÛNZER and G. SCHUMACHER,
Phys. Rev. Lett. 51,1987 (1983).

[2] R. KLAUMUNZËR, MING-DONG HOU, and G. SCHUMACHER,
Phys. Rev. Lett. 57,850 (1986).

[3] MING-DONG HDU, S. KLAUMUNZER and G. SCHUMACHER,
Nucl. Instrum. Methods B19/20.16 (1987).

[4] A. AUDOUARD, E. BAEÀNZÂT, G. FUCHS, J.C. JOUSSET,
D. LESUEUR, and L. THOME
Europhys. Lett. 3,327 (1987).

[5] A. AUDOUARDTE. BALANZAT, G. FUCHS, J.C. JOUSSET,
D. LESUEUR, and L. TKOMÉ,
Europhys. Lett. 5,241 (1988).

[6] J.F. ZEEGLER, JTP. BEERSACK and U. LITTMARK,
in: The Stopping and Ranges of Ions in Matter, ed. J.F. Ziegler (Pergamon,
New York, 1985) vol. 1, p. 109.

[7] W. PRIMAK,
Compacted States of Vitreous Silica (Gordon and Breach, New York.
1975)

[8] R.L. FLEISCHER, P.B. PRICE and R.M. WALKER,
Nuclear Tracks in Solids (California Press, Berkeley, 1975).

19] M. TOULEMONDE, G. FUCHS, N. NGUYEN, F. STUDER, and
D. GROULT,
Phys. Rev. B35,6560 (1987).



SUBJECT INDEX



EXCITATION AND IONISATION

Cl
El
I I
12
13
P l
P2
P 3
P 4
P 5

ENERGY

A l
A2
A3
C2
C3
P 6
P7
P8
P9
PlO

MOKLER P.H.
CHETIOUIA.
GROENEVELDA.
SCHRAMMR.
STOLTERFOHTN.
WINTERMEYERO.
DENISA.
HENNECARTD.
GRANDIN J.P.
KEMMLERJ.

LOSS AND CHARGE

OLSON R.E.
GEISSEL H.
BIMBOTR.
RAMMU.
GARDESD/
DOMINGOC.
MAYNARDG.
BIERSACK J.P.
BIERSACK J.P.
HUBERT F.

CHANNELING

E2
G l
G 2
PIl
P12
P13
P14
P15

POIZAT LC.
CUEN.
DATZS.
ANDRIAMONJES.
NESKOVICN.
VANECR.
KARAMYANSJV.
SPEIDEL K.H.

DESORPTION

F 3
F4
P16

DELLA-NEGRAS.
HILF E.R.
RIGGI F.

p. 37
p. 69
p.131
p.137
p.141
p.145
p.149
p.153
p.157
p.161

EXCHANGE

p. 3
p. 9
p. IS
p. 43
p. 47
p.165
p.169
p.173
p.175
p.177

p. 73
p. 97
p.101
p.181
p.185
p.1873
p.191
p.193

p. 89
p. 93
p.197



ELECTRONIC ENERGY LOSS INDUCED EFFECT IN MATTER

Fl MARTING.

/ ) INSULATORS

Bl
B2
B3
Dl
D2
P17
P18
P19
P20
P21
P22

ITOHN.
SPOHRR.
DURAUD J.P.
STUDER F.
SCHMIRGELDL.
KATZR.
BETZN.
JOLLETF.
HOUPERTC
COSTANTINI J.M.
DOLUNGER G.

2) SEMI CONDUCTORS

D3
P23
P24
P25

PATINY.
KARAMYAN S.A.
KRYNICKIJ
AULEYTNER

p. 81

p. 21
p. 27
p. 33
p. SS
p. 61
p.201
p.205
p.209
p.213
p.217
p.219

p. 65
p.223
p.225
p.229

3) CONDUCTORS AND SUPRA-CONDUCTORS

Hl
H2
H4
H5
P26
P27

BALANZATE
ZEITZ W.D.
DUNLOPA.
PAUMIERE.
BOURGAULTD.
GRIEPENKERLK.

4) AMORPHOUS MATERIALS

F2
H3
P28

KLAUMUNZERS.
THOMEL.
BENYAGOUBA

p.107
p.113
p.121
p.125
p.233
p.237

p. 83
p.117
p.239



AUTHOR INDEX



ALBRECHTD.
ALTEVOGTH.
ANDRIAMONJES.
ANNER.
ARMBRUSTERP
AUDOUARDA.
AULEYTNERJ.
AWAYAY.
BAIXERAS C.
BALANZATE.
BASTIN G.
BELL0N.P.
BENSALAHF.
BENYACAR M.A.R. de
BENYAGOUB A.
BERTAULTD.
BERTSCHAT H.H.
BETZ H.D.
BETZN.
BIEDERMANNK.
BIERSACK J.P.
BIMBOTR.
BODGANSKIP
BOUFFARD S.
BOURGAULTD.
BRUNELLEA.
BUGROV V.N.
CARRAU G.
CASTRO FARIA de N.V.
CEVAH.
CHEMIN J.F.
CHETIOUIA.
CHEVALLIERM.
CIRICD.
COHENC.
COSTANTINI J.M.
CUBJ.
CUEN.
DANGENDORFV.
DATZS.
DELLANEGRAS.
DENISA.
DEPAUWJ.
DESESQUELLES J.
DEUTCHC.
DIETRICH K.G.
DITTNER P.F.
DOLLINGERG.
DOMINGOC.
DUMAILM.
DUNLOPA.
DURALJ.
DURAUD J.P
EULERJ.
FAINSTEIN P.D.
FAREON-MAZUYB.

B2
13
E2-I3-P11
A3-E2-P11
A2-B2
H3
P25
Cl
P6
B3-H1-H3-P18
A3
Fl
El
D2
P28
13
H2
12
P18
H2
P8-P9
A3-C3-P1O
H5
P26
P26
F3
P23
D2
E2-P11
D2
13
El
E2-P11
P12
E2-P11
P21
P15
Gl
Pl
G2-P13
F3
P2
F3
P2
C3-P7
C3
G2-P13
P22
P6
C3
H4
E2-H5-P11
B3-P18-P19
C2
13
E2-P11

FERNANDEZF.
FLAMENT J.L.
FLEURIERC.
FUCHS G.
GABRM.
GAILLARDMJ
GARDESD.
GAUVIN R
GEISSEL H.
GENRE R.
GERBER J.
GIESE J.P.
GIRARD J,P.
GOMEZDELCAMPOJ.
GRANDIN J.P.
GREINERW.
GRIEPENKERLK.
GROENEVELD K.O.
GROULTD.
HAASH.
HAGE-AUM.
HAGELBERGF.
HEILO.
HENNECARTD.
HERAULTJ.
HERVIEUM.
HILF E.R.
HOFFMANN D.H.H.
HONG D.
HOUPERTC.
HUBERT F.
HUSSON X.
ITOHN.
JOLLETF.
JONES N.L.
JORETR
JOUSSET J.C.
KAMBARAT.
KAMMERRF.
KARAMYAN S.A.
KARLEW.
KATZR.
KELBCH C.
KELBCH S.
KELLERN.
KEMMLERJ.
KIRSCH R.
KLAUMUNZERS.
KNOPPM.
KOCHR.
KOSCHAR P.
KOWALLIKR.
KRAFTG.
KRAUSE H. F.
KRONEBERGERK.
KRYNICKIJ.
KUBICA B.

P6
P21
C3
H3
Pl
E2-P11
O
A3-P10
A2
E2-P11
P15
G2-P13
HS
G2
I3-P3-P4
P27
P27
I1-P5
D1-P20-P21-P26
H2
E2-P11
P15
P5
P3-P4
A3
P26
F4
C3
C3
D1-P20
A3-P10
P3-P4
Bl
P19
G2-P13
F3
H3
Cl-Pl
F4
P14-P23
P15
P17
C2
C2
P5
P5
E2
F2-P28
P15
C2
P5
H2a
G2-P13
P5
P24
C3



LANZAH.
LEBEYECY.
LECLERD.
LEMOELA.
LENNARD W.N.
LESTEVEN-VAISSEI.
LESUEURD.
LHOIR A.
LÔFFLER S.
MAHNKE H.E.
MAIER-K0M0RP.
MARTING.
MARTINS.
MAYNARDG.
MILLER P.D.
MOKLER P.H.
MORYJ.
MOULINJ.
MULLERA.
MULLERB.
MULLER J.C.
MULLERW.
NESKOVICN.
NITZSCHMANN B.
O G A N E S S I A N Y U T S .
OLSONR.
OSWALDW.
PATINY.
PAUMIERE.
PETERSON R.S.
POIZAT J.C.
POLITIS M.?.
PROVOSTJ.
QUEREY.
RAMMU.
RAMMENSEEM.
RAVEAUB.
REMILLIEUXJ.
REUSCH S.
REUTERU.
RICHARDA.
RIGGI F.
RIVAROLAR.
RIVET M.F.
ROSSEEL T. M.
ROTHARDP.
ROZET J.P.
SALINA.
SANBAA.
SCHAUPERTK
SCHEURER J.N.
SCHMAUS D.
SCHMIDT-BÔCKING H.
SCHMIRGELDL.
SCHNEIDERD.
SCHÔNEH.
SCHRAMMR.
SCHUCH R.

D2
F3
P3-P4
B3
A2
P3-P4
H3
E2-P11
P28
H2
P22
Fl
P2
C3-P7
G2-P13
Cl-Pl
E2-P11
E2-P11
Cl
P27
P24
H2
P12
F4
P23
A1-C2
12
D3
H5
P13
E2-P11
El
P26
E2-P11
C2
P28
P26
E2-P11
Cl-Pl
P15
C3
P16
B
C3
G2-P13
P5
El
13
C3
P2
13
E2-P11
C2-P1
D2
13
G2-P13
12
Cl-Pl

SCHULZM.
SEEGER S.
SELUN LA.
SERVAJEANA.
SIFFERT P.
SIMONIS HJ.
SINOPOLIL.
SPEIDEL K.H.
SPELLMEYERB.
SPOHR R.
STACHURAZ.
STEPHAN C.
STOLTERFOHTN.
STOHLKERTh.
STUDER F.
TANDON P.N.
TANIS J.
THOMEL.
TOUATIA.
TOULEMONDEM.

TROCHONJ.
TSERRUYAI.
ULLRICH J.
UZUREAU J.L.
VANECR.
VERNHETD.
VIDAL-QUADRASA.
WARCZAKA.
WEYRICHK.
WIENK.
WINTERMEYERG.
WOHRERK.
ZEITZ W.D.
ZUPPIROLJ L.

C1-G2
H2
P5

P24
P15
P21
P15
H2
B2
Cl
El
13
Cl
D1-P20.P21-P26
PIS
13
H3
El
D1-E2-H5-P11-
P20-P21-P24
P21
Pl
C2
P21
G2-P13
El
P6
Cl
C3
F3
Cl-Pl
El
H2
B3



10:00 -

12:00 -

13:00

14:00 -

15KX)

16KX) -

17:00 -

18KX) -

19:00 -

20:00 ~

TUESDAY
May 16

Registration

Opening Addresses

J.CJousset
R.Garrcc
J.Remillicux

12:30

Lunch

Al R.E.Olson

A2 H.Gcisscl

A3 R.Bimbot

Break

Bl N.Itoh

B2 R.Spohr

B3 J.P.Duraud

Cocktail at City-Halt

WEDNESDAY
May 17

Cl PaHaMokler

C2 U.Ramm

C3 D.Gardes

Break

Dl PaStuder

D2 L.Schmirgcld

D3 YaPatin

12:15

Lunch

13:45

Poster Session

15:30

El A.Chetioui

E2 J.C.Poizat

Break

Fl G.Martin

F2 S Klaumiinzer

F3 S.Della-Negra

F4 E.R.Hilf

Reception at the
"Abbaye aux Dames"

THURSDAY
May 16

Gl N.Cue

G2 S.Datz
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Hl EaBalanzat

H2 RHaBeitachat

H3 L.Thomé
H4 A.Dunlop

HS EaPaumier

13:00

Lunch

14:30

PosUr Session

1 * 1 OO

Break

Visit ofGANIL

19:00

Conference Dinner
at the "Chateau

G. le Conquérant''

FMDAY
May 19

KAOnmMMM
]LA.GroeaoveU

12 ILScbramm

13 NaStolieribltt

Break

RtMHiTMt

rmmliMlnr-
P.Armbnutcr

J.U.Andcocii
C Cotica
SaDatz
J.Uadhanl

12:30

CREDIT/NGRfCOLE
DucALVAoos

Le bon sens en action


