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Abstract: 

This report presents the results obtained in 1995 within the FZK-program on 

"Physics of intense ion beams and pulsed dense plasmas". ln addition it contains 

the recently added work on industrial applications of pulsed power techniques. 

Physik intensiver Strahlen leichter Ionen, Erzeugung hoher Energiedichten in 

Materie und Anwendungen der Pulsed Power Technik 

Jahresbericht 1995 

Zusammenfassung: 

ln dem Bericht werden die in 1995 erzielten Ergebnisse zum Arbeitsthema 

"Physik intensiver Ionenstrahlen und gepulster dichter Plasmen" dargestellt. 

Zusätzlich wurden die neu hinzugekommenen Arbeiten zu industriellen 

Anwendungen der Pulsed Power Technik aufgenommen. 
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I Program goals and summary 
of results 



I. General goals 

Programgoals and summary of results 
H. Bluhm, G. Keßler 

At the end of 1995 external decisions forced us to shift the main emphasis of the 

program from intense light ion beam production and high energy density matter 

research to the development of high voltage pulsed power techniques for 

industrial processes. 

After that less than 40% of the personaland financial resources stay in the initial 

field of intense particle beams and pulsed dense plasma. The remaining part is 

concentrated on electrodynamic fragmentation of solid materials, surface 

modification with pulsed electron beams and generation of nanocrystalline 

materials by electrodynamic methods. 

This report includes work done until April1996 and therefore, already reflects the 

general change. 

II. Machines and pulsed power technique 

The schedule for the begin of operation of the 6 MV, 2TW generator KALIF-HELIA 

had to be shifted once more till the end of 1997 because of a pending 

management decision on the site for operation. Thanks to a new Marx-generator 

that was ordered in 1995 KALIF-HELIA can now be operated and installed 

independently from KALIF. Therefore, it was finally agreed to install it in the 

same hall where KALIF is located now (building 423). We believe that KALIF

HELIA operated in negative polarity has a larger potential for the exploration of 

possible industrial applciations than with positive polarity. Therefore, the 

magnetically insulated voltage adder (MIVA) and the arrangement of the cavities 

was modified such that both polarities become possible. ln addition we revised 

the dimensions of the inner conductor of the adder in accordance with recent 

theories developed at Sandia. Also we have begun with design studies for an 

electron diode (P. Hoppe et al, p. 6). 
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The investigation of Iaser triggered multichannel railgap switches carried out at 

the University of Karlsruhe has been completed in 1995. lt was found that metal

aerosols in the switching gas improve the switch characteristics drastically (W. 

Frey, p. 20). 

A test cricuit was set up at the High Voltage Institute (IEH) of the University of 

Karlsruhe to study the behaviour of Vitrovac ferromagnetic cores at fast magnetic 

flux changes. The results of these measurements shall be used to optimize the 

design of magnetic switches for repetitive pulsed power generators (S. König, p. 
22) 

The pulsed electron beam facility GESA designed and fabricated by the Efremov 

Institute of Electrophysical Apparatus in St. Petersburg was taken into operation 

in 1995. A wide range of beam parameters can be realized with GESA to optimize 

the conditions for material surface treatment. Electron kinetic energies range 

from 50-150 keV, power and energy densities can reach up to 2 MW/cm2 and up 

to 50 J/cm2 respectively and pulse durations are controllable from 5 to 40 IJS (G. 

Müller et al. p 24). 

111. Diode physics 

Various diagnostic methods and instruments are under development at FZK to 

measure important physical quantities in the accelerating gap of the KALIF

diode. These methods indude optical spectroscopy, refractive index 

measurements, dispersion interferometry, and high resolution ion energy 

analysis (H. Bluhm et al. p. 28). 

An experimentwas set-up to study the post-focusing of the ion beam from the 

KALIF Bappl.-diode by self-fields and by solenoidal fields. So far only the action of 

the self-fields was studied. A perceptible influence of the self-fields on the power 

density distribution in the beam focus was not observed. However, the 

experimental results suggest a strong dependence of the degree of current 

neutralization on the radial position inside the beam. This result may become 

important for the recently proposed scheme of self-pinched intense ion beam 

propagation (P. Hoppe et al., p. 38). 

Several analytical approaches have been worked out to explain the operating 

characteristics of applied-B high power ion diodes. An analytical model based on 
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electron m1xmg and magnetic Debye shielding was developed. lt predicts 

unstable diode operation beyond a critical current density. The problern of ion 

beam emission from a rippled plasma surface in a Child-Langmuir diode was 

reinvestigated. A differential equation was derived and analytically solved which 

is valid for most practical cases. Finally, the collapse of the electron sheath in 

applied-B-diodes, which may occur in the presence of a resistive anode plasma has 

been investigated (A. Gretchikha, p. 45). 

The transient magnetic flux diffusion into the anode of applied-B diodes and its 

compensation by the Superposition of slow and fast fields was studied with the 

ANSYS-code (W. Bauer, R. Häfner, p. 57). 

A first version of the time dependent, two-dimensional particle in cell diode code 

KADI2D was completed in 1995. An adequate graphical user interface is under 

development. The extension to three dimensions on a Cartesian grid is planned 

for 1996 (M. Bog er et al. p. 61 ). 

IV. Target physics 

The hydrodynamic beam-target experiments with thin foils were continued in 

1995. To improve the hydrodynamic efficiency triple layer targets consisting of a 

gold tamper, a diamond ablator and a Ti pay Ioad were used for the first time. 

Although the observed velocity profile of the flyer looked quite promising, it 

turned out that the gold tamper was much thicker than desired. 

For the first time, spatially resolved dynamic tensile strength measurements were 

performed across a grain boundary. lt was shown that for high strain rates 

individual crystal grains fail independently (K. Baumung et al., p. 73). 

The foil acceleration experiments performed at KALIF were simulated with the 

target code KATACO and an equation of state in Mie-Grüneisen form was derived 

which satisfactorily reproduces the experimental data (B. Goel et al., p. 83). 

Simulating the impact of Al-flyers on thick LiF-crystals showed distinct differences 

to the experimental data. Compared to the experimental results the "velocity 

plateau" of the contact surface after impact was shorter and the decay of the 

"velocity tail" was less steep. lsolating different involved phenomena it could be 

demonstrated that radiative heat transport from the hot ablated plasma to the 
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cold accelerated flyer which was neglected in the initial calculations was 

responsible for the discrepancy. 

ln addition it was found that the shape of the 11 Velocity plateau .. depends on the 

phase of the compression wave in the flyer at the instant of impact (H. Marten et 

al. p. 89). 

The Ka emission spectroscopy was successfully applied to infere the central 

temperature of thin targets heated by the KALIF-ion beam. lt was found that 

with Al-foils temperatures above 20 eV were achieved. The X-ray emission from 

NaF targets initially forseen for these experimentswas too weak to be recorded 

with the present equipment (G. Meiselet al., p. 96). 

The experimental data that become available from the high power plasma gun 

facility 2 MK-200 CUSP at Troitsk were used to verify the theoretical modeling of 

the plasma surface interaction during hard disruptions in ITER. Temperature and 

density distributions of the carbon plasma shield as weil as total and line 

radiation transport to the wall could be reproduced satisfactorily (B. Bazylev et 

al., p. 123). 

V. Applications 

ln a paper presented at two conferences we compared the present achievements 

of the light ion beam approach to inertial confinement fusion with the 

requirements. lt is shown that the largest technological gap exists in beam quality 

and repetition rate capability of high power ion diodes. Beam quality can very 

likely be improved to a Ievei sufficient for driving a single shot ignition facility, if 

the potential of two-stage acceleration is used. Repetively operating pulsed 

power generators meeting the requirements for an ICF reactor driver can be 

based on presently developed technology (H. Bluhm et al., p. 1 04). 

Significant improvement in the performance of the PROFA facility, which was 

built to develop the physical and technical basis for a Tokamakplasma disruption 

simulation generator, has been achieved. A maximum diode current of 100 A (100 

mA/cm2 at the anode) and a current density of 5-13 A/cm2 in the target plane 

were obtained for pulse durations of up to 40 ~s. However, further improvements 

of the beam divergence are necessary (H. Giese et al., p. 115). 
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ln a first application the GESA facility, whose characteristics are described in 

chapter II on machines, was used to treat the surface of the Superalloy MCrAIY, 

which is widely utilized for oxidiation protection on gas turbine blades at high 

temperatures. An improvement in corrosion resistance has been demonstrated. ln 

another application the wear resistance of tappets was more than 4 times 

increased by pulsed lectron beam treatment (G. Müller et al., p. 133). 

ln 1995 we also took into operation the pilot generator FRANKA for 

electrodynamic fragmentation of solid dielectrics. This machine produces 250 kV 

pulses with apower of 1.5 GW and a pulse duration of 200 ns at arepetitionrate 

of 5 Hz. The pulses are applied to a water filled discharge vessel which contains 

the material to be fragmented on its grounded metallic bottom. Because of the 

difference in the dynamic electric strength of water and most solids the pulsed 

current is forced to flow through the solid material and breaks it into pieces. The 

unique features of this method is that it separates metallic and dielectric 

components. Therefore it is weil suited for many tasks in the recycling of 

multicomponent materials. Because of the enormous industrial interest we plan 

to build more generators ofthistype adapted to special fragmentation tasks 
(W. Edinger et al., p. 137). 

ELBA uses the electron beam from a channel spark discharge to depositthinglass 

layers on organic foils to create a barrier against diffusion of gases. Together with 

an industrial partner we are presently setting up two channel spark arrays to 

demonstrate the deposition of a 60 cm wide foil at a speed of 10 cm/s in a pilot
rollcoater (M. Konjinenberg et al., p. 144). 

Finally we use the pulsed electrical discharge through a thin wire to generate 

nanopowder for the production of advanced ceramies and coatings. Sinterahle 

greens of different forms are produced by pulsed magnetic field compression 
(R. Böhme et al., p. 150). 
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II Machines and pulsed power 
techniques 



Status of the HELIA accelerator 

P. Hoppe, W. Bauer, K. Baumann, H. Bluhm, J. Marek, H. Massier, D. Rusch 0. Stoltz- INR/FZK 
K. Leber, T. Petri, A. Völker, W. Ratajczak- HVT/FZK 

A. Arzhannikov 1
- INP, Novosibirsk 

M. P. Desjarlais2
, SNL, Albuquerque 

Abstract 

Related to new guidelines for the future use and accomodation of the HELIA 
accelerator the work in the past period concentrated on the investigation whether this 
machine can be operated in negative polarity and in another building as yet foreseen. 
Based on a new theory describing the operation of magnetically insulated 
transmission lines the diameters of the inner conductor were reconsidered. This report 
also gives a review of the HELIA related activities performed during the last year 
[ 1 ] and summarizes the tasks to be accomplished to get the accelerator operational 
under these new conditions. 

I. Introduction 

During the last month the work on theHigh Energy Linear Induction Accelerator HELIA was strongly 
influenced by the following new guidelines: the intention to use HELIA for the generatior1 of an 
electron beam and to instaU and operate the accelerator in another building as yet foreseen. 

The linear induction accelerator HELIA was designed to deliver an electrical impulse with a valtage of 
6 MV and a current of 400 kA for a time interval of 50 ns ( FWHM ). The conversion of this electrical 
energy of 120 kJ into energy of a particle beam requires positive polarity at the inner conductor of the 
accelerator for the extraction of an ion beam and negative polarity for the extraction of an electron 
beam. HELIA was originally designed for positive polarity operation. Motivated by the increasing 
interest in technological applications the possibility to operate HELIA in negative polarity for the 
generation of an electron beam was investigated. The design of the magnetically insulated valtage 
adder ( MIVA) and the magnetically insulated transmission line ( MITL ) was optimized on basis of a 
new theory. These new results- compared to those achieved from earlier approaches - are discussed for 
either polarity in sect. II. The preliminary design parameters of a diode converting the electrical energy 
delivered by the accelerator into beam energy for either ions or electrons are summarized in sect. III. 

In the past years the plans for the construction and operation of HELIA were based on its accomodation 
in hall I of the building 630. The space available in this hall allowed a coupling of the existing KALIF 
Marx generator to the HELIA accelerator. Due to financial reasons the reconstruction of hall I in 
building 630 turned out to be not feasible. As an alternative solution it was considered whether HELIA 
could be constructed and operated in the building 423. This is only possible if the concept of coupling 
the two machines by one common Marx generator is abandoned and each accelerator is powered by its 
own Marx. A more detailed description of the new HELIA Marx ordered for this purpose is given in 
sect. IV. In section V a review will be given of the different arrangements considered so far for the 
accomodation of KALIF and HELIA in the different buildings. 

1 permanent address: Institut ofNuclear Physics, Novosibirsk, Russia 
2 permanent address: Sandia National Laboratories, P.O. Box 5800, Albuquerque, NM 87185, USA 
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HELIA still would be a unique accelerator in Europe3 with respect to the projected peak power of 2.4 
TW and to the technology used for the generation of a peak voltage of 6 MV by adding up the voltages 
of about 1 MV delivered to 6 cavities. The maximum of information referring to this new domain of 
pulsed ,power technology will be assured by the instrumentation summarized in sect. VI. Finally the 
current status of the work on different components as weil as the tasks which need to be completed 
before operation of this machine is given in sect. VII. 

II. Redesign of the inner stalk of the magnetically insulated voltage adder 

Based on the latest theory developed by Mendel [ 2 ] the design of the inner stalk of the MIV A for the 
HELIA accelerator was reconsidered [ 1 ]. The optimum transfer of the energy delivered by the 6 
cavities to the load requires an optimum impedance sequence of the 6 coaxial sections, connecting the 
cavities to the load. This impedance sequence is strongly influenced by the electron vacuum flow. The 
electron flow is due to the high electric fields launehing electrons into the vacuum gaps formed by the 
radial feed sections ( impedance Zreed ) and the 6 coaxial sections formed by the bore diameter of the 
cavities and the 6 different outer diameters of the inner stalk. The term optimum is used here in the 
following sense. Most diode applications are geared towards higher voltage and lower current. In 
practice the best diode behavior is found in this Iimit. The optimum vacuum impedance sequence of the 
6 coaxial sections is in Mendels theory defined by the vacuum impedance for each section ( i.e Zvac(1) 
... Zvac(6) ) that allows the highest value of the flow impedance for each section ( Zflow(l) ... Zflow(6) ) 
without adding any unnecessary inductance slowing down the rise time of the pulse. In Mendels theory 
this optimum is clearly identifiable. In general, for a sequence of N adders, the Zflow downstream of the 
last adder can be calculated as a function of the vacuum impedance in the final section. It is found that 
Zflow saturates for some finite vacuum impedance. Beyend that point, Zflow does not increase further, 
but the inductance of the last section continues to increase. The optimum for the purpese of a high 
impedance Ioad performance occurs at that transition point. 

The minimum feed impedance Zreed for each of the existing HELIA cavities is approximately 8.25 !1. 
Using this value and Mendels optimum ratio of Zvac(n) and Zflow(n) to Zreed for each section n = 1 ... 6 
given by 

the optimum vacuum impedance sequence would be 8.25, 14.1, 18.9, 23.0, 26.7, and 30.0 !1. The 
corresponding outer diameters of the stalk would then be 332, 301, 278, 260, 244, and 231 mm for a 
bore diameter of the cavities of 3 81 mm. These values are somewhat different from the diameters 
estimated previously ( 344, 305, 281, 240, 213, and 189 mm in [ 1 ] ), the ones calculated on the basis 
of a minimum energy principle by Gordeev ( 349, 317, 286, 258, 232, and 209 mm in [ 3 ] ) and the 
PSI design values ( 343, 317, 294, 273, 254, and 236 mm in [ 4 ] ). Results from measurements 
performed on the PBFA-X MIVA and extension MITL strongly support Mendels theory. Therefore the 
inner stalk for HELIA-MIVA should be fabricated according to the diameters based on this theory. The 
mechanical deformation of the stalk is certainly not strongly affected by these diameter changes and 
therefore still can be considered as negligible [ 5 ]. 

3 Accelerators based on the Magnetically fusulated Voltage Adderprinciple are the HERMES III ( 20 MV) and SABRE ( 6 
to 10 MV) machines at the Sandia National Laboratories, Albuquerque. The 4 MV COBRA accelerator will be operational 
before end of 1996 at the Comell University. 
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Neglecting inductance and transmission line effects , a simple load line analysis of this configuration 
can be performed. The open circuit voltage Voc is 18 MV arising from 3 MV of each of the 6 cavities 
[ 1 ]. The accelerator impedance ZA as one lumped element is 6 times 5.5 n = 33 n. Using the Znow 
relationship for the last section along with a simple resistive load gives 

where V d is the diode valtage , and IK is the cathode current entering the diode. Using the equation 
given before, the flow impedance of cavity number 6 is 20 n. For the case of a zero cathode current the 
effective maximum valtage at the load would be 6.75 MV. Optimizing the power in the diode 
( assuming that the vacuum flow cannot be retrapped ) by maximizing V d tim es IK gives a diode 
voltage of 4.6 MV, a cathode current of 333 kA and an anode current of 406 kA. The efficiency IK/IA is 
82% and the ratio of the diode impedance Vd/IK to Znow in the last section is 0.7, i.e. the diode is 
undermatched to the flow impedance. For a diode voltage of 6MV the expected cathode current would 
be 225 kA. These numbers do not include any breakdown of the efficiency within the diode itself, so 
the actual efficiency will be lower. 

In positive polarity operation, these MIV A impedances should be close to optimum. In the case of 
negative polarity operation, the performance is a bit barder to predict. Considering the case of 
Hermes Ill at Sandia, it is found that in negative polarity the individual radial feeds do not appear to 
achieve sufficient valtage to cause the emission of a significant amount of electrons. In negative 
polarity, Hermes Ill seems to be modeled weil by only including the electrons that are emitted by the 
centrat cathode. For the proposed HELIA configuration the amount of electrons emitted in the feed 
sections might be sufficiently large to give flow characteristics similar to the positive polarity 
operation. 
Since it is a concern for HELIA generator to maintain a sufficiently low voltage at the oil/vacuum 
interface to avoid interface flashing, operation at a lower Marx charge valtage should be considered. 
An alternative would be to introduce a constriction into the radial feeds or central sections of the 
MIV A to Iimit the high valtage operation but without seriously compromising the operation at the 
desired operating point. This approach is currently being used successfully at the NRL to prevent their 
insulator stacks on the Gamble TI accelerator from f1ashing. 

111. Electron- vs. ion-beam generation with HELIA 

111.1 Operation of HELIA in negative vs. positive polarity 

The generation and extraction of an electron beam requires negative polarity at the inner conductor. 
Principally this can be achieved by either charging the Marx in negative polarity or by inverting the 
polarity of the voltage induced by each cavity. 
The electric breakdown strength of coaxial transmission lines using water as dielectric depends on the 
polarity of the valtage applied to the inner conductor. In negative polarity the inner conductor can be 
charged about 2 times higher compared to a positive inner. Charging the Marx generator in negative 
instead of positive polarity would subsequently change the polarity on the 4 intermediate stores, the 
4 lasertriggered gas switches and the 12 pulse forming lines ( PFL ). Hence the water insulated 
intermediate stores and PFL's would be operated with a positive inner conductor and might therefore 
breakdown prematurely. However, for lower Marx charge voltages ( about 70% max. ) one can 
presumably use the accelerator in the 'wrang' polarity. 

Inversion of the polarity of the output valtage at full power can technically be achieved by just turning 
the inner conductor horizontally by 180 degrees, i.e. inserting it to the cavities from the right side 
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( Fig. 1 ) and also supporting ( = grounding ) it on the right side. The eavities themselves remain in 
plaee as foreseen for positive polarity operation. Consequently the area for experimental aeeess as weil 
.as the loeation of the main radiation souree would move to the left side. This strongly influenees the 
eomplete support system already fabrieated. It also influenees the position of the auxiliary systems and 
the walls needed for radiation proteetion. These drawbaeks ean be avoided by turning horizontally 180 
degrees eaeh induetion eavity ( shown sehematieally in the lower half of Fig.1 ), leaving now the inner 
eonduetor in its position and also leaving the experimental area on the same side as required for 
positive polarity operation. However, eompared to the positive inner eonduetor design ( Fig. 1, upper 
half), the high valtage feed gaps of eaeh eavity would move axially and eorrespondingly the stepwise 
reduetion of the diameters of the inner eonduetor - needed for impedanee matehing ( see seet. II ) -
must be moved too. This requires a redesign of the inner eonduetor with respeet to the possibility of its 
adequate restaeking. In addition, also the meehanieal eompatibility of all other eomponents involved by 
this ehange of polarity must be verified and assured. 

Between the eavity No. 6 and the diode generating the ion- or eleetron beam the MITL extension 
elements No. 1 to No. 4 and one transition element were inserted ( Fig.1 ). Theseelements mateh to the 
vaeuum impedanee of the last MIV A stage, i.e. 30 n. The four extension elements are neeessary for the 
adaptation of a magnetie speetrometer MS foreseen for the measurement of the diode voltage, 3 plasma 
opening switehes POS needed for the supression of the preeurser pulse and the mounting of the 
eryogenie pump CR2. Same distanee between the diode and the eavities also helps to proteet the oil to 
water interfaees of the eavities and reduees ringing effeets from valtage reversals. The final diameter of 
the transition element is related to the design of the diades ( emitting the beam ) and is eonsidered in 
the following 2 seetions. 

Ill.2 Parameters of an ion beam diode 

The ion beam delivered by the HELIA generator should deposit a speeifie power of about 1000 TW/g 
on a target. With the KALIF aeeelerator a speeifie power of 200 TW/g was aehieved with a proton 
beam aeeelerated by a valtage of 1. 7 MV. With the projeeted valtage of about 6 MV for HELIA the 
aeeeleration of protons will not result in a higher speeifie power deposition due to the extented range of 
protons at higher energies. The generation and aeeeleration of Lithium ( or heavier ions like Carbon ) is 
therefore mandatory for the sueeess of HELIA when operated in positive polarity. The following 
eonsiderations where used to aehieve preliminary design parameters of a Lithium diode. 

The anode surfaee of a diode aeeelerating and extracting a Lithium beam of about 400 kA is mainly 
determined by the density of the Lithium eurrent whieh ean be supplied by the Lithium plasma 
eovering the emitting surfaee of the anode. Based on the present state of experienee with Lithium 
plasma sources [ 6 ] a current density of the order of 1000 A/em2 seems to be aehievable. A radially 
homogeneaus ion emission ean approximately be aehieved with a ring shaped anode with a small 
aspeet ratio ~r I r where M is the differenee between the outer and inner anode emission radius and r is 
their mean value. Another restrietion for ~r is the valtage whieh ean be supplied by the generator 
ereating the anode plasma by the sliding gas diseharge meehanism [ 7 ]. With peak voltages of about 40 
kV aehieved so far with these external plasma generators [ 8 ] the value of M should not exeeed 3 em 
limited by the eleetrie field required for the breakdown of the Lithium vapor. Taking into aeeount the 
spaee required for the outer and inner applied magnetie field eoils on the anode side, the outer diameter 
of the anode stalk in the diode region should be araund 45 em ( Fig.2, upper half). With this diameter 
of the anode stalk the inside diameter of 82 em of the diode vaeuum ehamber and the corresponding 
side of the transition element is then fixed by matehing these elements to the 300. vaeuum impedanee 
at the high valtage end of the MIV A. The ring shaped eathode tip must be plaeed at a distanee of about 
15 mm to the surfaee of the anode to aehieve the 1 OOOA/em2 eurrent density. The ion beam is entering 
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Fig.2: Schematic of an ion diode ( upper half) and an electron diode ( lower half) 
foreseen for the HELIA accelerator 
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into the drift section - requiring for beam propagation an Argon pressure of 5 mbar - through a 1. 5 ~-tm 
thick Mylar foil. The field coils for the production of the electron insulating magnetic field of about 4 T 
are arranged as close as possible to the acceleration gap and to the beam. Based on the SABRE 
operation of a similar extractor diode the driver banks for these coils should be able to store 200 to 
500 kJ at a voltage of 10 kV. The supply of the energy required for the production of the anode plasma 
is fed to the Lithium layer on the anode by low impedance striplines ( e.g. 6 lines in parallel with 20 
each ) led inside of the stalk of the MITL and via the support chamber to an external driver. Adequate 
striplines were designed, fabricated and tested [ 8 ]. 
At least the anode and the drift foil of this diode must be replaced after each shot which requires the 
opening of the vacuum chamber. In addition rather complicated cleaning- and cryogenic techniques 
and I or in-situ deposition of the Lithium will be necessary to avoid the formation of hydrogen plasmas 
which can be at the origin of a parasitic load in these Lithium ion diodes [ 10 ]. These cleaning 
protocols are also under investigation [ 11 ]. They will be effective only if a vacuum down to the 
1 o-7 mbar range in the diode area can be achieved. Therefore the achievable shot rate with an ion diode 
will be down to about one to two shots per day. 

111.3 Parameters of an electron beam diode 

In centrast to the annular anode of the ion diode described before, an electron diode ( Fig.2, lower half 
) can emit from a full surface. Using the same extension- and transition elements as for the ion diode 
the electron current density could in principle be as low as 250 A/cm2 for a maximum accelerator 
current of 400 kA. This electron current density can be achieved by field emission from a fibrous 
graphite cathode. The anode of this electron diode must be placed at a distance of about 15 cm from the 
cathode surface. The intention to use the electron beam for technological applications like material- or 
waste treatment requires a beam outlet window. Depending on the pressure of e.g. the gas or water to 
be irradiated the anode titanium foil has to be supported by a grating structure made from tantalum or 
tungsten which ideally should absorb no beam energy. The technology of such outlet windows 
developed for similar conditions at the GOL 111 facility in Novosibirsk is as follows. The windows 
consist e.g. for an outside pressure of 1 bar of 10 mm wide meshs formed by 0.2 mm thin titanium 
strips with a width of 30 mm. The maximum outlet window diameter achieved so far with this 
technology is 300 mm. This would reduce the acceleration gap of the HELIA electron diode to 10 cm 
and thereby the current density would encrease to about 600 A/cm2

. Similar outlet windows with a size 
of 200 by 200 mm were used for coupling the electron beam to the laser amplifier of the NIKE KrF 
Laser [ 9 ]. For this application windows with a size of 600 by 600 mm are under development. 
However, for the high energy electrons considered here the tolerable thickness of the foil should allow 
the construction of larger outlet windows. 
Based on the experience using fibrous graphite cathodes and grating anodes on the GOL 111 facility 
they can be operated under these conditions for hundreds of shots without darnage and without opening 
of the vacuum chamber. Therefore the achievable shotrate might be as high as 10 per day. This high 
shot rate also will help to achieve a fast progress with respect to the new technology of this type of 
accelerator. 
During the start up phase of the accelerator the electron beam can be dumped on a graphite disc with a 
at least a range deep thickness of 10 cm. This would reduce the production of radiation and would also 
allow to use the graphit disc as a calorimeter if equipped with thermocouples. 

IV. Description of the new Marx generator for HELIA 

The existing KALIF Marx, foreseen so far also for the operation of HELIA, consists of 50 capacitors of 
1~-tF each which can store a total of 250 kJ when charged to 100 kV. The new Marx for HELIA can 
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store about 400 kJ in 36 capacitors of 2.2J..LF, also when charged to 100 kV. The energy delivered by 
either Marx to the HELIA accelerator is first charging up the 4 intermediate store capacitors ( total of 
36 nF ) and then transferred to the 12 pulse forming lines ( total of 46 nF ) by 4 Iaser triggered gas 
switches. The capacitance of 9 nF of each intermediate store capacitor was selected as a compromise to 
the existing KALIF Marx. A maximum of 161 kJ can be accumulated in the intermediate store at a 
voltage of 3 MV. With the new HELIA Marx the voltage at the intermediate store will reach 2. 85 MV 
and hence the stored energy will be 146 kJ only. These energies around 150 kJ may not be sufficient to 
reach the specified diode performance. However with the new HELIA Marx an increase of the 
capacitance of each intermediate store to a value of e.g. 18 nF ( which can be achieved by changing the 
diameter of the inner conductor of the intermediate store capacitors ) would allow to store ab out 21 0 kJ 
at a voltage of 2.4 MV. This energy is certainly sufficient to achieve the energy of 120 kJ to be 
delivered by the extracted ion or electron beam. 

The 36 capacitors of the HELIA Marx generator are arranged in 3 rows with the HV side of 6 pairs of 
capacitors placed face to face in each row with the trigger spark gaps arranged between them. This 
modular Marx design, used in numerous pulsed power machines at the SNL in Albuquerque, proved 
very high reliability and easy service [ 12 ]. This Marx generator with a total weight of 4.2 t must be 
supported by an oil filled tank with a footprint of 4 by 4 m minimum, 4.5 m taU. The height of 4.5 m of 
this tank is required by the height of the existing intermediate store tank. 

The Marx generatorwas adapted to the HELIA needs and an orderwas given end of 1995 to the Ktech 
company, Albuquerque. The Marx will be delivered with all auxiliaries ( namely HV charging units, 
trigger systems, crowbar switch ) end of Sept. 1996. As we have no possibility to test the Marx at FZK 
it will be tested prior to its delivery in Aug. 1996 at the SNL in Albuquerque. 

V. Planning and safety considerations for the different arrangements of KALIFand HELIA 

The following arrangements ofKALIF and HELIA were considered: 

- KALIF and HELIA in hall I of building 630 with both generators using the same, existing KALIF 
Marx as energy supply ( Fig.3 ). This was the reference arrangement for the budget and building 
permit requested 1994 as well as for the safety report established in 1995. 

- KALIF and HELIA in hall I of building 630 but both generators are powered now by their own Marx 
generators ( Fig.4 ). This solution is to be considered as an ideal one because both generators can be 
operated completly independent and with enough space available for equipment and diagnostics. This 
arrangement would not have required any change in the building permit or safety report but control, 
cabling and supply etc. must be adapted. 

- KALIF and HELIA in the hall of building 423 requiring power supply by 2 independant Marx 
generators ( Fig.5, shown is HELIA only ). For this arrangement most of the planning - and safety 
issues have to be reconsidered. This will be started as soon as formal decisions are available. 
However, this approach might show the advantage that the KALIF operation could be continued for 
most of the time needed for HELIA installation. 

VI. Review of the instrumentation 

The routine operation of HELIA requires the measurement of about 70 signals: 
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Fig. 3: HELIA and KALIF in Building 630 
with common Marx generator 

Fig. 4: HELIA and KALIF in Building 630 
with separate Marx generator 

Fig. 5: HELIA in Building 423 
KALIF with the original installation 
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- valtage and current at the interface of each of the 6 cavities ( = 12 signals ). These signals are needed 
for the control of the power supplied by each cavity to the MIV A as well as for monitaring the 
integrity of each interface. 

- the voltages at the PFL section, after the pulse sharpening switch and at the output section of each of 
the 12 water transmission lines ( =36 signals ). Thesesignals allow control of the proper operation of 
each line. With increasing experience the number of signals to be measured might be reduced to one 
per line or the monitaring of thresholds might become sufficient. 

- the valtage at each of the 4 intermediate store capacitors ( 4 signals ) for the control of the charge and 
discharge of each capacitor. 

- the valtage delivered by the Marx generator and the trigger and loading units ( about 5 signals ). 
- down the MIV A current measurements are needed after each adder section on anode and cathode side 

( ref. Fig.1, diagnostic spools no. I to 6 ). As lang as azimuthat symmetry of the pulse is of no 
concern the measurement on one azimuthat position will be sufficient. However the possibility to 
measure on 4 azimuthat positions after each section is foreseen. These signals are necessary to 
observe the electron lasses in each section ( 12 signals ). 

-The current delivered to the diode after the transition element ( Fig.l ) on 4 azimuthat positions ( = 4 
signals ). 

In this list are not mentioned the signals required for the measurment of the valtage at the MITL after 
the last cavity with the magnetic spectrometer MS located at extension spool no. 2 in Fig.l ( = 16 
signals ), for monitaring of the POS system ( = 6 signals ) and the field coils ( = 4 signals ). They are 
only required for the positive polarity option and when operating an ion diode. 
Also not mentioned are signals which are needed for the control of the charging units, the auxiliary 
systems ( e.g. water loops, reset loops, laser trigger loops, external plasma driver ... ) and signals which 
are specific to an experiment. 

During the start up phase of the accelerator the number of the signals to be measured must certainly be 
increased. 

VII. Status and summary of the remaining tasks 

Related to the doubts in the future use of the HELIA generator (e.g. polarity) and the building for its 
accomodation the design and fabrication of most components was slowed down. In early 1996 the 
statuswas as follows: 

1. Auxiliary systems: 

In 1995 the double wall storagetank for oil ( 200 m3 
) was fabricated, delivered to the building 630 and 

its components joint by welding inside of this building. Whether this tank can be disassembled and 
used in building 423 was not yet considered. 
The support system ( Fig.6) for the cavities, the PFL's etc. was designed, fabricated and delivered in 
due time after a test assembly was performed. The support components are stored now in the hall I of 
building 630. The support system also carries the movable hanger structure for the diode vacuum 
chamber ( Fig.6 ). Delivery of the hanger as well as the components needed for the positioning and 
clamping of the cavities on the support rails is foreseen now for end of 1996. 
For the assembly of the inner conductor a mounting rack is required which also should be available at 
the end of 1996. 
The planning performed so far for the cabling, power supply, water and oil distribution systems in 
building 630 areobsolete now and have tobe reconsidered for the new building. 
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Fig.6: .A.rtists view ofthe high valtage end ofthe HELIA accelerator showi.ng the adder cavities (AC), the pulse fonning lines ( PFL ), the 
ex.tension WTL, the diode vacuum vessel with the ports for the vacuum pumps and diagnostics and the support frames with the hanger 



The control and operation system for HELIA ( and KALIF as well ) was based on computers allowing 
a high degree of automatization of the routine work. The studies done so far have to be revised and 
adapted to the new situation. 
The reset circuits for the Vitrovac cores have to be designed. Monitors for the control of the magnetic 
state of the cores are needed. These cores have to be filled with oil under vacuum conditions which 
needs appropriate equipment. 
The POS components ( Fig.l ) required for the suppression of the prepulse when operating an ion diode 
are available. 

2. Marx tank and HELIA Marx generator: 

The new HELIA Marx generator - described in more details in sect. 111 - was ordered in Nov. 1995 
from the Ktech Cerparation in Albuquerque, NM. This Marx with all auxiliaries will be delivered in 
Sept. 1996 after testing foreseen in Aug.l996 at SNL. The minimum dimensions of the oil tank 
required for this Marx are 4 x 4 x 4.5 m. This required footprint excludes the use of the existing 
stainless steel tank in the INR. In addition the height of the existing tank is too small and it has no 
entrance door for routine inspections of the Marx. This also would have required modifications of the 
stainless steel tank which are considered as too expensive. Specifications for the required new Marx 
tank were defined to get quotations from different companies. 

3. Intermediate store tank: 

The intermediate store tank ( 5 x 5 x 5 m ) was delivered in due time and is stored now outside of 
building 630 in a protecting tent. The use of this tank in building 423 seems feasible, however the 
problern to get the tank into this building must be solved. 

4. Power distribution elements between Marx, intermediate store and PFL's: 

The following components - located inside the intermediate store tank and the Marx tank - need to be 
designed: 
- the HV oil distribution lines from the Marx generator to the 4 intermediate store capacitors. 
- the HV distribution lines from the output side of the 4 gas switches to the 12 pulse forming lines. 
- the field grading rings for the gas switches. 
- an emergency discharge of the intermediate store capacitors needed for the case the gas switches do 

not operate. 

5. Laser triggered gas switches: 

The operation of the 200 mJ KrF Iaser was tested: the specifications were fulfilled The optical path for 
the KrF laser light between the gas switches and the wall of the intermediate store tank should be 
designed next. The light distribution system between the Iaser screen room and this tank could not be 
considered because their details depend strongly on the arrangement of the Iaser which in turn is related 
to the building available. 

6. Vacuum chambers and inner stalk of the MIVA I extension MITL: 

The design of the vacuum chamber supporting the inner stalk ( Fig.l ) was completed for positive and 
negative polarity as weil, quotations are on the way. The design of the inner stalk itself is actually 
beeing modified to allow its operation in both polarities. The diagnostic spools ( fabricated in 1995 by 
PSI, delivery is expected early 1996 ) were also integrated into this redesign. The extension and 
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transition elements ( inner and outer conductors of the coax lines ) as weil as the diode vacuum 
chamber are under design. 

7. Diode design: 

Preliminary design parameters for an ion diode as weil as an electron diode are given in section III. A 
summary of the actual status is given below. 

The development of an electron diode will not need an extensive R & D program and it allows a much 
higher shot rate of the accelerator. The more detailed design of an electron diode will be started as soon 
as decisions on the future use of HELIA were marle. 

For the ion diode investigated in 1995 only Lithium ions were considered as candidate species to be 
accelerated by HELIA. The status of the Lithium plasma source and the required external driver is 
described in [ 13 ] . The necessary magnetic insulation of the electrons in an ion diode also requires the 
development of a total of 4 pulsed coils for the generation of very high magnetic fields powered by 4 
capacitor banks. Based on the experience with the KALIF proton diode the field coils as weil as the 
capacitor banks with the corresponding connections need to be designed if HELIA will be operated in 
positive polarity. However due to the present situation the work on the coils, the capacitor banks and 
the Lithium source were stopped. 

8. Instrumentation and data aquisition: 

The magnetic spectrometer was designed in 1995 and was operated successfully up to voltages araund 
2 MV using the B0 diode as weil a the Bappt diode on the KALIF accelerator [ 14 ]. About half of the 
monitors mentioned in section VI need to be designed and fabricated. The data aquisition system must 
be somewhat upgraded to allow the recording of about 70 signals. 

9. Safety report and licensing: 

The work done in 1995 was based on assumptions which are no langer valid. Most of the safety and 
licensing work has to be redone for the accomodation and operation of HELIA in building 423 instead 
of 630. The safety report must also be adapted to the production of an electron and an ion beam as well. 
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Low-Intensity Laser-Triggering of RaHgaps Applying 
Metal-Aerosol Switching-Gases 

W Frey - !EH, University of Karlsruhe 

The simultaneaus growth of spark channels between the rod-type electrodes reduces the impe
dance and increases the lifetime of railgaps, which operate as pulse-line switches of parallel
plate Blumlein-lines. In order to minimize the required trigger-laser energy for satisfactory multi
channeling, a high quantum-yield and low excitation energy seed-electron generation process 
like the photoemission of electrons must be applied. 
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Fig.l Total number of spark channels and impulse-risetime versus trigger-laser energy 
with and without the addition of Mg-aerosol particles to the Ar/SF6 switching-gas. 

Due to the photoemission of electrons from Mg-aerosol particles, which are produced by a spark 
discharge aerosol generator (SDAG) and then added to the Ar/SF6 switching gas, multi
channeling can be observed with Iaser energies less than 200 nJ. In this case, the peak power of 
the N2-laser beam is 60 W. Applying 200 ~J of unfocussed Iaser-radiation, the average number 
of spark channels increases from 12 to more than 50 channels along the 40 cm W/Cu-electrodes 
causing a low-risetime pulse-shape at the Blumlein generator's output, Fig. 1. If there are no 
particles added and if the beam energy is less than 20 ~J the triggering of the railgap fails. 

[n 
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8 

filll SDAG: Mg 
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Fig.2 Delay time and jitter of the railgap versus trigger-laser energy with and without the 
addition of Mg-aerosol particles to the Ar/SF6 switching-gas. 
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The emission of a seed-electron cloud from Mg-aerosol particles located in the irradiated gap 
volume shortens the avalanche phase during spark channel formation. This is the reason for the 
significant reduction of the switch delay time. The statistic behaviour of electron multiplication 
by impact ionization at the beginning of the avalanche growth starting from only one initial 
electron does not appear. Thus, the jitter of the switch is less than 350 ps, Fig. 2. 

0 5 15 20 25 30 35 ns 

Fig.3 Streak photographs of the multichannel discharge with and without the addition of 
Mg-aerosol particles to the Ar/SF6 switching-gas, Trigger voltage: VT = 1,5·VDc. 

The streak photographs reveal the increase of the nurober of spark channels and the reduction of 
the closure-time jitter between the channels when adding Mg-particles. 

Impulse breakdown experiments proved, that the presence of metal-aerosol particles does not 
reduce the self-breakdown voltage of the railgap, i.e. the upper trigger-voltage limit. The opera
ting-voltage range is not affected by the addition of Mg-aerosol particles. 

The "Metal-Aerosol Trigger-Methode" is well suitable to improve the switching performance of 
already existing laser-triggered facilities without demanding for changes of the switch design. 

For further information please contact the author by e-mail: frey@ieh.etec.uni-karlsruhe.de 
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Fast Change of Magnetic Flux in Amorphons Strip-Wo und Cores 

S. König, - /EH, University af Karlsruhe 

In order to investigate the fast magnetization behaviour of small amorphaus softmagnetic strip
wound cores 1 a new test facility was built. Due to the voltage-time area of the core of 1,8 mVs 
the time for the reversal from the negative remanence to the positive saturation varies from 110 
to 25 ns, when different values of the impulse amplitude are applied. Thus, the magnetic reversal 
velocity ranges from 30 to 132 T/J..Ls. For setting the core to the negative or positive remanence a 
reset circuit was built. 

The test equipment consists of a water-insulated coaxial pulse-forming generator, a gas-insulated 
core test-cavity and an electrolytic load, which absorbs the arriving output-pulse without almost 
any reflections. Capacitive voltage sensors and Ragawski-coils integrated in the outer conductor 
allow monitaring of the voltage and current at discrete points in the test facility, Fig. 1. 

input voltage gas-switch voltage measurement core test-cavity current measurement electrolytic Ioad 

. I ~'"""!"--~-··-·~-.~~~~- ~------ \ 

11 

Fig. 1 Sectianal drawing af caaxial test circuit. 

Fig. 2 shows the charging voltage of the generator provided by a 140 kV marx-circuit. After self
breakdown of the gas-switch (t = 0 ns), an output-pulse (Fig. 3) propagates along the 
transmission line and passes the voltage monitor at 11 ns - 56 ns. 
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Fig. 2 Charging valtage af the puls-line. 
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Fig. 3 Valtage an the transmissian line when na 
care is inserted in the test-cavity. 

VITROVAC 7600Z, Vacuumschmelze Hanau, Gennany. 
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The voltage curves measured in the transmission line demonstrate the weil matched integration 
of the test-cavity into the pulse-forming arrangement. The traveling-wave propagates along the 
test-cavity without almost any reflections. Only a small voltage-peak at 84.3 ns could be 
detected. This is a reflection of themain-pulse at the empty core test-cavity. 

If the core is located in the test-cavity and set to its positive remanence a pulse shape (Fig. 4) is 
measured in the transmission line which is compareable to the measurement without the core .. 
The main-pulse passes the core without almost any reflections. Additionally, the current 
measured behind the core is plotted in Fig. 4. 
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Fig. 4 Valtage and current measurement, 
core driven from positive remanence. 

Fig. 5 Valtage and current measurement, 
core driven from negative remanence. 

Setting the core to negative remanence the voltage and current measurements show the 
magnetization of the core, Fig. 5. During the magnetization the magnetic material of the core 
reacts on the arriving main-pulse with a high permeability. For the arriving main-pulse at the 
core test-cavity, this yields to a high surge impedance of the core and a high voltage reflection 
factor. After the magnetization is terminated the permeability quickly decreases to a very low 
value and the voltage reflection factor at the core test-cavity approaches to zero, providing the 
total transmission of the main-pulse. 

The time to reach the saturation of the core can be taken either from the duration of the first 
reflected voltage pulse (it passes the voltage monitor at 86 ns - 108 ns, Fig. 5) or from the initial 
gradient of the current signal (55 ns- 77 ns). Both methods prove that the core is completely 
magnetized after 22 ns. Afterwards the current rises to its maximum level. 

Because the main-pulse and its reflections do not superimpose at the presented voltage 
measurement position an easy discussion of the core saturation behaviour by travelling-wave 
analysis is possible. To give any final statement concerning the time-voltage area of the core or 
the hysteresis loop a measurement position in the vicinity of the core test-cavity is needed. 

To get reliable data about the magnetizing behaviour the integration of additional measurement 
positions in front of and behind the core test-cavity will be done next. 

For further information please contact the author by e-mail: koenig@ieh.etec.uni-karlsruhe.de 
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Abstract 
The paper describes the new pulsed electron beam facility GESA developed for in

vestigations in the field of pulsed heat treatment of materials and optimization of electron 

beam parameters. At present the electron beam has the following parameters: electron ki

netic energy 50-150 keV; power density up to 2 MW/cm2 and energy density up to 50 J/cm2 

at the target. The pulse duration is controllable with time increments of 1 J.I.S in the range 
from 5 to 40 !J.S. The beam diameter at the target is 6-:-10 cm. 

1 INTRODUCTION 

Pulsed heat treatment by intense 
electron beams is a modern and ecologi
cally sound technique applicable in the field 
of material surface modification [1, 2]. For 
realization of the treatment procedure, 
electron beams capable of melting the sur
face layer of any material into depths of 
tens of J..Lm at a rate of 109 K/s are required. 
It is preferable to heat the treated layer 
without marked evaporation and boiling of 
the melted phase and also without signifi
cant energy loss due to thermal conduc
tivity inside the bulk material. The condi
tions mentioned above can be satisfied by 
using a controlled volumetric heat source 
such as an intense electron beam of kinetic 
energy ~ 1 00 ke V. Calculations show that 
for an electron kinetic energy of 150 ke V, 
the beam energy density and maximum 
pulse duration ensuring the heating of the 
treated layer without significant energy loss 
due to thermal conductivity lie in the range 
20+50 J/cm2 and from microseconds to tens 
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of microseconds correspondingly. The 
microsecond range of the pulse duration is 
not only convenient for beam parameter 
control, but also essential to achieve suffi
cient energy deposition when the treatment 
chamber is separated from the electron in
jector by a drift channel which Iimits the 
max. achievable current [3]. On the base of 
these considerations the electron beam fa
cility GESA for investigation of material 
surface modification was developed. 

2 DESIGN OF THE FACILITY 

The principle Iayout of the facility is 
shown in Fig.l. The main parts are the fol-
10\ving: electron injector (EI); high voltage 
generator (HVG) with a pulse duration 
control unit; focusing magnetic coils (MC); 
drift channel (DC); chamber for samples 
treatment (SC); radiation protection (RP); 
controlling unit (CU). 

The electron injector consists of a 
high voltage insulator, a multipoint explo
sive emission cathode, a controlling grid, 
and an anode, forrning a triode arrange-
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Fig. 1. Scheme of the GESA facility 

ment. The controlling grid is connected 
with the grounded anode through the re
sistor Rg. This allows : 

1) to control the current magnitude 
of the electron beam in a certain 
range without changing the kinetic 
energy of electrons at the outlet of 
the injector; 

2) to create a sufficiently high electric 
field strength near the cathode 
surface at the beginning of the 
pulse, necessary for homogeneity 
of electron emission. 

As a source of electrons a multipoint 
explosive emission cathode (MPC) with 
stabilised cathode plasma [4] is used. Such 
a cathode does not require heating, it oper
ates under moderate vacuum conditions, 
and it is not poisoned by atmospheric gases 
or vapours from samples being treated. The 
area of the GESA cathode emissive surface 
is 700 cm2

. 

The high voltage generator (HVG) 
corresponds to the Marx scheme. It con
sists of four stages, which are artificial 
pulse forming lines, containing 8 cells with 
correcting RC networks. The duration of 
the flat part of the pulse is around 40 ~s, 
the amplitude on a matched load reaches 
150 kV. The duration of the high-voltage 
pulse 't can be controlled by the pulse du
ration control unit with time increments of 
1 J.!S. 
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At the beginning of the pulse, the to
tal voltage produced by HVG is applied to 
the cathode-grid gap, because the grid is 
grounded through the resistor. This ensures 
homogeneaus excitation of the electron 
emission. After appearance of the electron 
current the total voltage is distributed 
among the cathode-grid and grid-anode 
gaps: Ucg=Uo-Uga, Uga=IRg(1-cx), where Uo 
is the total voltage, I the electron current, 
Rg the grid resistors and cx=0,8 the grid 
transparency. In the grid-anode gap, elec
trons are accelerated to an energy corre
sponding to the total voltage applied to the 
injector. The electron beam is also magneti
cally compressed in this region. 

The magnetic focusing system con
sisting of six coils provides formation, 
transport and variation of the beam 
diameter in the range of 6+ 1 0 cm. 

The volume of the treatment chamber 
is separated from the volume of the injector 
by means of a gate valve. This allows to 
replace samples without distortion of the 
vacuum conditions in the injector and to 
use different treatment chambers. For 
transportation of the beam from the injector 
to the treatment chamber a drift channel is 
used, which is a stainless-steel tube with the 
diameter of 15 cm and a length of 50 cm. 
The residual gas pressure in the working 
volume is 1 0"5

-:- 1 0"4 mbar. 



3 BEAM PARAMETERS 
Calculation of the electron beam pa

rameters showed that the average value of 
the electron transverse energy EJ. repre
sents around 8% of the total kinetic energy 
E. Pulsations of the beam boundary in the 
drift channel are characterised by a wave
length of 4.0 cm and a magnitude of 2.5 
mm for a beam radius of 5.0 cm. Nonuni
formity of the current density distribution 
along the beam radius in the treatment 
chamber is about 20%. The angle distribu
tion of the electrons is of Gaussian type 
with a mean angel of 16 degree. 

The knowledge of the angle distribu
tion of electrons f(8) is necessary because 
of pulsed treatment conditions the tem
perature distribution inside the sample is 
sensitive to the beam energy deposition 
profile E(z) affected by f(8). This is illus
trated by Fig. 2 in which calculated results 
ofE(z) are shown with (curve B) and with
out ( curve A) taking into account a homo
geneous angle distribution of electrons. 

z/z 
max 

Fig. 2: Energy deposition vs. Depth 

When calculating E(z) it is necessary 
to take into account the part of electrons 
reflected by the treated specimen. In the 
presence of a magnetic field these electrons 
will reenter the specimen after reflection 
from the injector region. Since reflected 
electrons have a wide energy and angle 
spectrums, they increase significantly the 
energy deposition near the surface ( curve 
C). 
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There are two sections limiting the 
beam current magnitude: the cathode-grid 
gap, and the drift channel. The limiting 
value of the cathode-grid current leg can be 
determined from the following equation 

where: k=2.934 ·10·5 A • Y 312
; a is the grid 

transparency; rc and fg are the cathode and 
grid curvature radii, respectively; a2 is the 
Langmuir function for a spherical diode; 
cp=arctg(R/re), where Re is the cathode ra
dius. The limiting drift tube current Ide can 
be estimated by the expression [3] 

r <r~:3-l)l'2 
Id =17·-· (3) 

' "f 11 l + 2ln(R chan / R beam ) 

where: y=(l-v2/c2)-1/2, y~=(l-vi 2/c2)-1/2; 
Rchan and RJ,eam are the respective radii of 
the drift tube and the electron beam. 
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Fig. 3: Beam current vs. voltage for Rg=5750 

In Fig.3 the dependencies of leg, and 
Ide on Uo for the facility conditions realised 
presently are shown. Note that leg can be 
increased by means of changing of the cor
responding gaps geometry. To increase the 
limiting current of the drift tube, neutralisa
tion of the beam space charge is required. 

Fig. 4 shows an example of the de
pendencies of the electron beam current on 
Rg. One can see that variation of Rg allows 
to change the electron beam current by a 
factor oftwo. 
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Fig.5. Typical oscillogrammes ofthe GESA facility 
operation 

In Fig. 5 typical oscillogrammes of the 
accelerating voltage U0, grid current Ucg 
and collector current heam are shown. One 
can see that the beam current magnitude 
reaches its quasi steady-state value 1-2 JlS 
after the beginning of the pulse. During that 
time the formation of the cathode plasma 
emissive surface takes place. The increase 
of the beam current after 10 microseconds 
is caused by the influence of the gas 
desorbed from the controlling grid on 
cathode operation. 

In Fig.2 the example of the measured 
electron beam current in the treatment 
chamber dependence on the total acceler
ating voltage U0 is shown. 

Some results of the measurement of 
the beam current dependence on the grid 

5 REFERENCES 

resistance are shown in Fig.3. One can see 
that under present conditions the possibility 
to change the beam current by means of Rg 
variation exist only in the range of Rg > 400 
Ohm. At smaller Rg values the beam 
current is restricted by the limiting drift 
tube current. 

The magnitudes of the current den
sity, power density and energy density in 
the treatment chamber can be controlled in 
the range 1-;-12 A/cm2

, up to 2 MW/cm2 

and up to 50 J/cm2 correspondingly. The 
radial current density distribution has a 
symmetrical shape. Its inhomogeneity is 
higher than calculated one (30% instead of 
20%). The origin of the current density os
cillations and its elevated inhomogeneity 
are so far not clear. 

Some results of application of the 
GESA facility for heat treatment of materi
als is given in an accompanying paper [ 5]. 

4 CONCLUSION 

The electron beam facility GESA was 
developed for investigations of material 
surface modification under pulsed intense 
electron beam treatment. The design of the 
facility allows to control all vital parameters 
of the electron beam (kinetic energy of 
electrons, beam current, pulse duration). 

Presently the electron beam has the 
following parameters: electron kinetic en
ergy S0-;-150 keV, power density on the 

2 sample up to 2 MW/cm, energy density up 
to 50 J/cm2

. The pulse duration is control
lable in the range of 5-;-40 JlS in steps of 
1 JlS. 

Application of the GESA facility for 
pulsed heat treatment of materials is in pro
gress. 
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Abstract 

Various diagnostic methods and instruments are under development at FZK to measure 
important physical quantities in the accelerating gap of high power ion diodes on KALIF with 
high spatial and temporal resolution. These methods include optical spectroscopy, refractive 
index measurements, dispersion interferometry, and high resolution ion energy analysis. The 
paper describes the set-up of these diagnostics and first results obtained for applied and 
selfmagnetically insulated diodes. 

Introduction 

Beam quality is the main issue of intense light ion beam production and focusing. Beam quality 
does not only comprise divergence but also ion energy spread, purity, uniformity, ion canonical 
angular momentum, etc. Beam quality is tightly connected to diode operational stability. Most 
of the effects that influence beam quality have their origin inside the diode gap. Although 
substantial progress has been made, both theoretically and experimentally, to understand the 
sources of beam imperfections, many important details remain unknown. Especially, the 
dynamics of the anode plasma and the electron sheath in high power diodes is not weil 
understood. 
Optical diagnostics - spectroscopic, interferometric, deflection- can yield detailed information 
on the electromagnetic fields and particle distributions in the electrode plasmas as well as in the 
diode gap. Therefore, we have begun to set-up a diagnostic effort to measure some of the main 
quantities with high spatial and temporal resolution. This includes ion spectroscopy, dispersive 
interferometry, refractive index gradient measurements, and high resolution ion energy analysis. 
In this paper we report on the status of these developments and present first results. 

Ion spectroscopy 

The set-up used for spectroscopic measurements in the gap of the KALIF Bapp1-diode is shown 
in fig. 1. The characteristics of the diode have been described elsewhere [1]. The spectroscopic 
system consists of two Cserny-Turner spectrographs with 1 and 0.5 m focallength respectively. 
An intensified gated diode array of 750 active elements is used as the detector at the exit of the 
0.5 m system. A similar detector system or an array of 15 photomultipliers can be used with the 
1 m system. The photomultipliers are coupled to the spectrograph via a quartz fiber bundle 
consisting of 15 columns with 40 fibers each. A spatial resolution of less than 0.5 mm and a 
temporal resolution of 10 ns for the diode array and of 2 ns for the photomultiplier array can 
thus be realized. A spectral resolution of 0.5 A was obtained. 
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Since we tried to exploit the natural contaminants of our anode plasma, the major hindrance of 
the measurements became intensity. The intensity of most lines was insufficient to extend the 
measurements far into the gap. It turned out that doping of the anode surface either locally or 
globally changes the diode characteristics too much and therefore is of limited value. 
Thus, mainly carbon (C I 2479 A, C II 6578 A, C Ill 2297 A, C Ill 4647 A, C IV 5802 A) and 

hydrogen (Ho;, Hß) lines are used to determine ni, ne, Te, as well as the particle flux, the B-field, 
and the ion trajectory deflection. 
The general structure of the C II - C IV line intensity evolution in the anode plasma is presented 
in fig. 2. Here the line of sight was o.25 mm distant from the solid anode. The spatial resolution 
was 0.5 mm. Synchronously to Ho:, the C II line is created during the initial phase ofthe sliding 
discharge across the Pd covered TiH film on the anode surface[2]. It is assumed that the origin 
of these carbon ions are surface contaminants released during the early heating of the metal 
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Fig.l Schematic of set-up for spectroscopic measurements in the accelerating gap of the KALIF 
B apprion diode 
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films. After the beginning of ion current extraction the return current continues to heat the 
plasma and a transition from C II to CIV occurs. At the same time, the Ha line disappears, 
indicating complete ionization of the plasma. Since we observe a more rapid decay in space of 
the line intensities in the diode gap than expected from a space charge limited current density 
distribution, we must conclude that the electric field is shielded by a hydrogen plasma in front of 
the carbon plasma. 
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Fig. 2 Time evolution of the emission intensity of C 11, CI!!, C IV, and Ho: lines 

160 

Shifting the line of sight of the spectrometer into the gap shows that the visible component of 
the anode plasma does not expand more than 1 mm into the gap during the whole pulse. This is 
confirmed by the refractive index diagnostics (see below). 

Nonlinear dispersion interferorneter 

The main purpese of the dispersion interferometer is to measure the electron density in the ion 
diode acceleration gap. For a mean cord length of 3 cm through the ring shaped ion emitting 

-37-



area the line density (n•l) is expected to be around 1014 cm·2 
. This line density will cause a very 

small fringe shift of less than 1/100 wavelength and therefore a very sensitive interferometer is 
needed. Besides sensitivity stability and simplicity are desirable in the hostile environment of 
the accelerator. The dispersion interferometer first proposed in [3] comes close to these 
requirements. 
An important property of the dispersion interferometer is that its two probe beams use the same 
optical path through the object which makes it rather irrsensitive to mechanical vibrations of its 
optical elements. Thus additional measures for stabilization are unnecessary. The general set-up 
of the interferometer is shown in fig. 3. Both the fundamental wave of a Nd:YAG laser and its 

I 
I 

<p = 4.5 . 1 0"17 cm2 pJ 

Detector 1 

Nonlinear Crystal 

Laser 

Fig. 3 Set-up of the nonlinear dispersion interjerometer system 

Detector 2 

second harmonic are transmitted through the plasma. Mter exiting from the plasma the infrared 
beam is frequency doubled a second time. Both green beams are polarized perpendicular to each 
other. Their relative phase shift is determined by the wavelength dependance of the optical 
pathlength. For a plasma this is proportional to the pathintegral of the electron density with a 
high degree of accuracy if the wavelengths are far away from any ionic or atomic resonances. A 
Glan polarizer whose transmission axis is fixed at 45° with respect to both beam polarizations 
splits the beams with equal intensities into both polarization directions. Thus the split beams can 
interfere at the position of the two detectors. However, the relative phase shift in both 
interference patterns is 7t. Thus subtracting the detector signals from each other can lead to 
complete cancelation of the difference signal. Using a Soleil-Babinet compensator in the beam 
path this phase shift can be adjusted before the experiment, i.e., without the object. 
On the other hand there are special requirements to the laser system of the interferometer. The 
intensity must be high enough for frequency conversion, and single frequency operation is 
needed to get a smooth intensity profile on a ns time scale. 
At present, a seeded, pulsed Nd:YAG laser with a pulsewidth of 10 ns and a pulse energy of 
ab out 100 mJ is used. As the short pulses give no complete measurement of the KALIF shot, the 
interference image must be compared to a reference measurement similar to a holographic 
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method. This limits the sensitivity to about 30 mrad corresponding to d(rel) ~ 7x 1014 cm-2 

because of small drifts from pulse to pulse. 
Presently an alternative single frequency cw laser system is under consideration. To achieve an 
intensity sufficient for frequency conversion the laser beam must be transmitted through several 
amplifiers. With the resulting quasistationary beam the complete KALIF pulse can be analyzed 
in one shot, and the sensitivity of the dispersion interferometer can be improved by one to two 
orders of magnitude. 
First results with the short pulse laser system in the immediate neighbourhood of the anode 
showed that late in the KALIF pulse an electron density of more than 1016 cm-3 is reached. 

RIN G-diagnostic 

A Refractive INdex Gradient (RING)-diagnostic may be used to measure the gradient of 
electron and neutral densities in a plasma. It has been used previously by other authors [ 4,5]. It 
is based on the deflection of a laser beam transmitted through a plasma with density gradients. 
The angle of deflection is given by the following equation 

8~ = ~ ·IJ ds ·V j_ nl, 
no 

where n = 1 + K.n. and n
0 

are the perturbed and unperturbed indexes of refraction 
I I 

respectively. The integration has to be carried out along the laser beam path. The Ki are 
constants representing the different particle species. Their values range from 0.5·10-23 to 50·10-

23 
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Fig. 4 Set-up oj the RING-diagnostic an KALIF 

In fig.4 the scheme of the diagnostic set-up on KALIF is depicted. After passing through the 
plasma the cw laser beam is focused onto two glass fibres positioned next to each other. The use 
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of fibres is the main difference compared to previous set-ups where bi-cell detectors have been 
applied [4,5]. The advantage of our arrangement is that much faster photodiedes can be used 
and the time resolution can almost be increased 10 times compared to bi-cell detectors. 
However, the sensitivity is somewhat reduced. W e expect temporal and spatial resolutions oft ::::; 
2 ns and ox::::; 0.2 mm. The sensitivity of our instrument is Vnlmin::::; 3·1016 cm-3

. 

Fig. 5 shows the time evolution of the electron density gradient at different distances from the 
anode.It is realized that the electron density gradient diminishes by more than one order of 
magnitude on a scale length of less than 0.5 mm. Also, as expected the maximum gradient 
steadily decreases if the line of observation is shifted away from the anode. However, the 
plasma front does not reach facther than 1 mm into the gap before the end of the pulse. 
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Fig.5 Electron density gradient at different lines ojsight, 0.5, 1, and 2 mmjrom the anode. VT 
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Phase shift of a Iaser beam passing through a cloud of relativistic electrons 

Applying interferometric and refractive index diagnostics to high power ion diodes containing 
relativistic electron clouds requires a careful consideration of the effect of these electrons on the 
measurements. We assume that the incident laser beam propagatesparallel to the magnetic field 
lines which are considered to be so strong that the electrons move along these lines too. 
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The fringe shift of the wave is proportional to the path integral of the refractive index and in 
case of a single energy group of electrons may be written in the following formo<l>(y) = 
F(y)8<1>0, where 8<1>0 is the fringe shift for the case of nonrelativistic electrons. F(y) is an 
additional coefficient that depends on the relativistic factor y of the electrons. F(y) = y(1 +ß) for a 
movement ofthe electrons into the direction ofwave propagation (positive direction) and F(y) = 

1/ y (1 +ß) for the opposite movement (negative direction). For the case of an ion diode the 
relativistic factor has to be calculated in accordance with the electrical potential at the position 
und er consideration: y = 1 + e ( <p - <pc ) Im c* *2. 

F(y) 
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Fig. 6 F(rJ, the relativistic jactor describing the phase shift multiplier jor different electron 
energy distributions 

The results show that in the presence of relativistic electrons the refractive index and the 
resulting fringe shift do not only depend on the electron density but also on their relative 
movement with respect to the laser beam path. 
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Magnetic Energy Analyzer 

A high resolution magnetic energy analyzer has been built to measure the ion energy 
distribution. It consists of a circular permanent magnet system with a diameter of 0.22 m and a 
field strength of 0.76 T. An array of 16 1 mm2 pin diodes is used to register the ion energy as a 
function of time. The system is shown in fig. 7. A 3000 A thick gold layer deposited on a 1.5 
f!m mylar foil positioned at the beam focus is used to Rutherford scatter the protons through the 
collimator in front of the magnet. The energy resolution of the system is better than 3 0 ke V for 
the ion energy range below 2 MeV. The energy of the pin-diode channels was calibrated on a 
V an De Graaff generator. 

Fig. 7 Geometry of the magnetic energy analyzer on KALIF 

Results are shown in fig. 8 and 9 for the Ba and the Bappl diode respectively. Although certain 
differences appear between the electrically measured voltage pulse shape and the ion energy 
behaviour, there is no clear indication of ion energies greater than the applied voltage. However 
the width of the energy distribution is typically between 10 and 20% of the mean energy, i.e. 
between 100 and 200 ke V. This is typical of energy spreads induced by electromagnetic 
instabilities as observed in 3-D simulations. It is somewhat larger for the selfmagnetically 
insulated diode. Systematic errors in the derived voltage curves become visible during the rising 
part ofthe 
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Fig. 8 Ion energy distribution measured with the magnetic energy analyzer (contour plot) 
compared to the valtage curve derivedfrom the electrical (capacitive) monitor. The resuZt shown 

was obtained for seljmagnetically insulated B crdiode 

2 

1.8 

1.6 

1.4 

> 1.2 
(I) 

~ 
1 >-

Cl ,_ 
(I) 

0.8 c w 

0.6 

0.4 

0.2 

0 
80 

I I I I 

-----~------~------L------L-----~------
1 I I I 

I I 
I I I I I I 

----~------,------r------r-----~------T---

1 I I I 

-----~------~------~------~-----~------+------~ 
I I I I I I 
I I I I I I 

90 100 110 120 

Time [ns] 

130 140 150 

Fig.9 Same asfig. 8, but resuZt obtainedjor the Bapprdiode. 

-43-

160 



curve in case of the Bappl diode and during the falling part in case of the B9 diode. These are 
probably due to the Ldl/dt correction which, can be erroneous especially in the case of our Bappl 
diode because of the use of plasma opening switches in the power feed. 
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Abstract 

In 1995 experiments on the KALIF accelerator were prepared with the objective to 
study the influence of magnetic fields - induced by either the extracted proton beam 
itself or by an externally applied magnetic field - on the focusing properties of the 
Bappl diode. In a first set of experiments with a subdivided ion beam drift section the 
generation of net currents as well as their influence on the focusing properties was 
investigated. Net currents were found always delayed by typically 10 ns with respect 
to the ion current onset, reaching final values which strongly depend on the gas 
pressure in the second drift space. With vacuum in this second drift space the net 
current reached up to 50% of the ion current. The observed difference in the time 
histories of various net current monitors might be related to a radial dependence of 
the net current densities. The influence of these net currents on the focusing 
properties of the beam were investigated using, as the main diagnostic tool, a boron 
scattering foil in the focal plane and an ion sensitive film in a pin hole camera. In 
cantrast to our expectations no influence of the gas pressure in the second drift space 
on the impact distribution patterns on the ion sensitive film was observed. In future 
experiments these results will be verified and the influence of an externally generated 
compression field on beam focusing will be investigated .. 

I. Introduction 

On the KALIF accelerator a protonpower density ofup to 1 TWicm2 was reached in the focal plane of 
the Bappl diode [ 1 ]. Considering the emission of an annular proton beam ( limited by the angles a 1 

and a 2 ) from a spherical anode surface a beam of constant brightness B will produce an even higher 
power density P = n B (sin2a 1 - sin2a 2) if the incident anglea = (a2 - a 1) to the focal plane can be 
increased. Such increase of the incident angle can in principle be achieved by either magnetic fields 
induced by the beam itself ( self-field focusing scheme ) or by magnetic fields produced by external 
field coils placed close to the beam ( external-field focusing scheme ). 

The external field focusing scheme suggested for the Bappl proton diode on KALIF [ 2 ] consisted of an 
additional single turn coil that was placed in the vicinity of the focal plane. A current of 100 kA 
through this coil produced the required external field for beam compression. This arrangement was 
investigated using the DRIFTPIC code [ 3 ]. The calculations showed that the focal spot size can be 
reduced by a factor of 2 assuming a monoenergetic beam, accelerated by 1.7 MV. For beams with 
realistic energy distributions a reduction of the spot size of about 30 % ( increasing the power density 
by a factor of about 2 ) was predicted when using the same compression field. Due to this field the 

1 permanent address: Department ofElectrical Engineering, Osaka City University, Japan 
2 permanent address: Physikalisches Institut I, Univ. Erlangen, D 91058 Erlangen, (Germany) 
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focal plane moved axially upstream by about 10 mm and hence the incident angle a was enhanced. For 
these calculations the degree of current neutralization of the beam was assumed to be 0. 9 which seems 
to be somewhat low when using argon gas in the drift space at a pressure of 5 mbar. In its present 
version the DRIFTPIC code does not allow a self-consistent treatment of current neutralization. 
Therefore these results should be considered as preliminary only and adequate experiments might be 
useful for the development of this code in the future. 

foil No. 1 

cathode 
base 
plate 

boron-a pinhole camera 

scale 100 mm 

Fig. 1: Cross sectional view of the Bapplied diode with two independent drift sections and the 
Ba diagnostics 

The self-field focusing scheme is based on the generation of a Be field, induced by the non-current 
neutralized beam itself, in the drift section upstream of the focal plane of an extractor diode. Due to the 
resulting Lorentz forces this should also lead to a reduction of the focallength of the beam and hence to 
an increase of the incident angle a. The reduction of the focal length depends on the net current 
produced by the beam and on the distance the beam has to propagate non-neutralized. However, this 
distance is rather limited in the case of a sharply focusing diode using an applied magnetic field for 
electron insulation in the acceleration gap of this diode. The beam has to be maintained current 
neutralized in regions where it propagates through the return flux of the strong Bappl field. Therefore the 
drift section for the beam for self pinch experiments must be subdivided by a second foil into 2 
independent sections which can be held at different gas pressures. In the first section an argon pressure 
of 5 mbar is needed in areas where the beam crosses the return flux of the insulating Bappl field. In the 
second section a sufficiently low gas pressure for the generation of net currents must be established. 
With the DRIFTPIC code, simulations for this self-field focusing scheme could not be performed 
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because this problern needs a self consistent treatment of current neutralization. Based on the 
calculation of single particle orbits a reduction of the focallength of about 2 mm was estimated for a 
net current of 200 kA in the beam. 

li. Experimental arrangements and diagnostics 

II.l Experimental arrangement for the investigation of the self- field focusing scheme 

In the experiments performed for the investigation of the self-field focusing scheme the first drift 
section was always held at an argon pressure of 5 mbar, normally used in the entire drift section. This 
neutralizing section was formed between a first Mylar foil ( l.7!Jm thick ), placed as usual close to the 
cathode side of the acceleration gap, and a second Mylar foil ( also 1. 7 !Jm thick ) placed on the 
backside of the coil producing the Bappl field ( Fig.1 ). The argon pressure in the second drift section, 
formed by the second Mylar foil and the walls of the drift tube, could be varied from 5 mbar to 
vacuum. 

The radial profile of a proton beam with power densities up to 1 TW/cm2 was measured with the Ba 
diagnostics [ 4 ] : the protons are scattered isotropically on an about 5 !Jm thick boron layer and the 
emitted a particles are imaged on an ion sensitve film ( CR39 ) placed in a pin hole camera. The 
thickness of the aluminum filter foils ( see Fig.1 ) in front of the boron layer ( 11!Jm ) and the CR39 
film ( 15 !Jm ) was chosen suchthat only protons with energies above 1.5 MV can be at the origin of 
tracks due to a particles on the CR39 film and that Rutherford scattered protons with energies below 
1. 7 MV cannot track the film. For a particular shot on KALIF the resulting net current induced by the 
chosen gas pressure in the second drift section as well as its influence on the position on the focal plane 
were not known in advance and hence the boron layer could not be properly positioned for the 
measurement of the radial beam profile in the presumed new focal plane. Therefore the boron layer 
was always placed in the nominal focal plane of the perfectly neutralized beam ( Fig.1 ). With the 
boron layer in this position self pinch effects should produce a broadened or even a ring type image on 
the CR39 film. 
The tracks on the CR39 films were counted using an automatic computer system [ 5 ]. With an 
excessive density of the tracks on the film, leading to an overlap of the impacts on the film, the count 
rates given by the automatic system will be erroneously low. In this case the non-linearly deformed 
track density distribution might be misinterpreted as an increase of the FWHM of the radial beam 
profile or as a ringshaped structure produced by post-focusing. Therefore the track density should not 
exceed about 300 to 400 tracks for a sample area on the CR39 film of 250 by 250 !Jm. The Ba 
diagnostic was optimized in the first shots on KALIF with respect to its imaging ratio as well as to the 
impact density on the CR39 film. 

For the measurement of the beam net-current, 
an integrating Rogowski coil was placed in 
the drift tube just behind the rear surface of 
the support plate of the Bappl field coils. In this 
position the entire beam must penetrate 
through the inner surface of the Rogowski coil 
and the Rogowski coil itself is protected as 
well as possible against plasma formation on 
its surfaces ( Fig.1 ). For comparison with the 
signal of the Rogowski coil a shunt type 
current monitor ( Fig.2 ) was used to measure 
the net current delivered to a metal cylinder 

Fig. 2: Shuntmonitor supporting the LiF-Cu 
activation target 
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( 5 or 10 mm in diameter respectively) or to a LiF-Cu target with an outer diameter of 50 mm. This 
target measures the time and space averaged proton beam current delivered to its sensitive area with a 
.diameter of 20 mm [ 6 ] . With the activation data from the LiF -Cu shots, and the radial track 
distribution from the Ba diagnostic, the radial profile of the power density of the proton beam can be 
given in physical units. 
Corresponding to the importance of the measurement of the net currents, the monitors were calibrated 
with reference to the current monitors close to the KALIF interface. The timing relations between all 
signals were carefully checked. Therefore the maximum timing uncertainty is below +/- 2ns. 

Further experimental modifications used only in particular shots were as follows: an inner and an outer 
copper cone was used in one experiment that confines the beam after the second drift foil until close to 
the focus. In another experiment additional Mylar foils of 1.7 11m thickness were attached to the 
Rogowski coil. 

ll.2 Experimental arrangement foreseen for the external-field focusing scheme 

The experimental arrangement foreseen for the investigation of the external-field focusing scheme 
consisted of an additional coil that delivers the external magnetic compression field close to the focal 
plane. This post-focusing coil, attached to the rear surface of the insulating Bappl coil, excludes the use 
of the Rogowski coil for the measurement of the net-current ( Fig.1 ) as well as the LiF -Cu activation 
diagnostics. Also, the possibilities for the application of the Ba diagnostics and the current 
measurement with the shunt arerather restricted due to the available space. 

The characteristics of 2 post focusing coils were investigated with a 2800~-LF capacitor bank chargeable 
to a maximum voltage of 5 kV. This bankwas coupled by an inductance of 420 11H to the 36 turn post
focusing coil having a mean radius of 4.25 cm and an inductance of 84 11H. Both coils reached a 
current maximum of about 8.5 kA after 1.7 ms when charging the capacitor bank to its maximum 
voltage. The coil currents were proportional to the applied voltage: 1.66 kA/kV and 1.7 kA/kV were 
measured for coil#1 and coil#2 respectively. 

The achievable maximum field on axis of these post-focusing coils is about ST. This value seems to be 
somewhat low compared with the compression fields used in [ 2 ]. Post-focusing of the beam using 
these lower compression fields therefore might require the use of a second drift space that can be held 
at a lower gas pressure. 

ID. Experimentsand results 

In the 22 shots performed so far, only the self-field focusing scheme could be investigated. The diode 
and KALIF parameters remained unchanged in these shots and the KALIF Marx was always charged to 
85 kV. The main results are summarized in the following. 

lll.l Net current generation 

The influence of the pressure of the argon gas in the second drift section on the generation of net
currents was investigated. The time-of-flight-corrected net-current time histories ( Fig. 4) measured by 
the Rogowski coil and the shunt monitor supporting a LiF-Cu target showed 3 different phases. In 
phase 1 no net-current was measured for the time interval of ab out 10 ns following the onset of the 
diode current. This means that during this time the beam remained current neutralized. In phase 2 the 
net-current increased within about 20 ns ( shunt monitor ) and about 40 ns ( Rogowski coil ) to a 
plateau value. The gas pressure in the second drift section had a strong influence on this final value but 
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not on the net-current onset 
characteristics ( Fig.4 ). In all shots the 
final values seen by the Rogowski coil 
were higher when compared with the 
shunt monitor. During phase 3 the mean 
signals of both monitors remained about 'E 

~ 

~200 

constant. For pressures of 0.014 mbar and 8 
100 

Shot#3958 

400 

50 100 
Time [ns] 

below, oscillations with a frequency 'iD 
araund 80 l\1Hz were observed during z 
this phase. The net-current reached a 
maximum of about 50% of the diode 
current with vacuum conditions in the 
second drift space. 

Fig. 3: Time histories of the net current measured by the 
Rogowski coil and the shunt compared with the 
diode current 
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When replacing the LiF -Cu target on top 
of the shunt monitor by a metal rod 
( 10 mm diam., 35 mm long ) phase 1 
was reduced to about 5 ns and the final 
values reached for the same gas pressure 
were lower. A reduction of the diameter 
of the rod to 5 mm did not modify the 
shunt signal. 
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ill.2 Evaluation of the CR39 films 

As examples for the evaluation of the 
CR39 films Figs. 5 and 6 show the track 
density as a surface plot for shot #3940 
and #3942, respectively, while Figs. 7 
and 8 present radial profiles (slices) of 
both functions. From the radial profiles 
of the track densities on the film, the 7 to 
8 mm FWHM values of the beam at the 
position of the boron foil ( i.e. in the 
nominal focus ) were estimated. The 
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Fig. 4: Time histories ofthe net currents measured by the 
Rogowski coil for various Argon pressures in the 
second drift section 

values ofthe FWHM ofthe beam determined by this method for the other shots varied from 5.3 mm to 
12 mm. This large spread could not be related to different pressures used in the second drift section. 
The minimum value of 5.3 mm was achieved with the double copper cone arrangement that should 
confine the beam. Darnage at the inside of both cones and the very low track density on the film in this 
shot seem to indicate that most ions were absorbed by the walls of the cones. 

The flat plateau of the track density distribution in shot #3942 ( see Figs.6 and 8 ) is due to an excessive 
track density on the film. Above 300 tracks per sample the counting lasses are sharply increasing and 
level off at about 700 tracks per sample. Therefore a FWHM reading may not be taken from Fig. 8. 
Though the measured net-current in the beam was 100 kA the change of the track density function may 
not be attributed to a focusing effect. Even shots performed with vacuum in the second drift section, 
inducing net-currents up to 200 kA, still showed FWHI\.1 values from 7 to 8 mm which are in 
agreement with results from shots performed with a 5 mbar argon gas pressure in the entire and 
undivided drift section. 
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IV. Conclusions and outlook 

The time histories of the net-currents as 
well as the differences between the 
signals are not yet well understood. As 
one possible explanation one might 
assume a non-homogeneaus radial 
current distribution that develops when 
the beam propagates through the second 
drift section. Depending on time the 
number of electrons required for the 
neutralization of the inner beam regions 
cannot be supplied either by the low 
density background gas or by the 
neighboring surfaces. However this 
assumption needs to be verified by 
adequate modeling and numerical 
simulations. 

In cantrast to our expectations, the 
experiments did not show a noticeable 
influence of the gas pressure in the 
second drift section, and the related net
current, on the radial beam profile. This 
might indicate that the self-field focusing 
scheme does not act as foreseen on this 
sharply focused beam. However the 
following items must also be considered 
as possible explanations: 

- the Ba diagnostic might not be sensitive 
enough to measure the estimated small 
axial shifts of the focal plane of 2 mm. 

- the measurement of the net-current is 
not reliable. 

- the shot to shot reproducibility of the 

Fig. 5: Track density distribution on the CR 3 9 foil for shot 
#3940 with the boron foil in the nominal focal 
position 

Fig. 6: Track density distribution on the CR 39 foil for shot 
#3942 with the boron foil in the nominal focal 
position. Excessive track density in the center 

position of the focal plane may mask shifts of the focal plane related to net current generation. 

In future experiments these items must be investigated in more detail. If however it could be confirmed 
that vacuum in the second drift section has no influence on the focusing properties of the beam, this 
result would be significant with respect to the current understanding of beam neutralization. It also 
would allow the application of a Iaser generated back lighter plasma for the measurement of the target 
temperature by absorption spectroscopy. Furthermore experiments using the available and already 
tested compression coils should be performed. 
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On the Stationary Applied-B Ion Diode Impedance 

A.Grechikha 

Abstract 

The stationary impedance ofthe applied-B ion diode is found in the frame of an electron 
mixing model. It is shown that the diode valtage as a function of current has a maximum and 

behaves as U ~ B;pp/ P at large currents. The consequences are discussed. 

The voltage-current characteristics ofthe applied-B diode were the main subject of 
consideration in the previous report [1] where the effects of electron mixing and screening on 
the magnetic Debye scale r B = B/4nene in the diode were introduced. This theory was 
developed for the far-from-equilibrium state with a delta-function peak in the electron 
distribution at the virtual cathode. As a consequense it contained a free parameter describing 
the fraction of mixed electrons in the gap in comparison to the total electron distribution and 
expressing the 'distance from the equilibrium'. A further comparison with results from 3D 
nonstationary simulations[2] showed that the best agreement with the theory (Fig 1) 

Electron Density In The Gap: Simulations Versus Theory 
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Dimensionless Coordinate In The Diode Gap 

Fig. 1 Distribution ofthe electron density in the gap in the theory andin the 3D 
PIC simulations (2] 

is reached in the opposite case of the equilibrium state where all electrons in the gap are 
uniformly mixed (more accurately, the uniformity does not concem the electron density ne but 
the ratio neiB which is the integral ofmotion for drifting electrons).Consequently there is no 
delta-function electron layer in the vicinity ofthe virtual cathode as assumed in [1]. This case, 
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however, requires that we consider the magnetic pressure in the charge-neutral region ofthe 
diode which was possible to neglect in [I]. The basic equations should include the 
conservation oftwo magnetic fluxes: one corresponding to the vacuumic gap and one 
corresponding to the charge-neutral region 

F=Bapptd, 

B(x)(L -x) = Bappt(L- d). 

Here Fis the magnetic flux in the gap, Bappt is the initially applied B-field, x is the distance 
from the anode to the virtual cathode, d is the geometric gap, L is the distance from the anode 
to the cathode foil. As a result the calculations become more complicated. Using 
dimensionless variables 11 = x/r B ,f = F!Bars, h =BI Ba, u = UIF (Ba is the B-field value at 
the anode surface) one arrives at the dimensionless equations for the flux conservation 

The resulting formulas for the voltage-current characteristics are 

1-h 
U=-

j ' 

where f = ro hdT]' function h satisfies the equation 

with the boundary conditions h(O) = 1, h' (TJ) = 0, and the parameter J1 is 

These relationships provide the solution in the implicit form u = u(J1) , J = J(JJ). Fig.2 
exhibits the behavior ofthe dimensionless diode voltage u = UIF as a function ofthe 
dimensionless current density J = J/Jo where 

Plots are shown for different diode geometries fixed by the ratio d/ L. 
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Fig. 2 The dimensionless diode voltage u versus the dimensionless current J ,the load line 
(solid) for Kalif(U = 1.8MV,J = 0.5MA,j = 4KA/sm2 ,Bappl = 2.5T, d = 0.85sm.) and 
an example load line ( dotted) with switching rather than smooth regime. 

It should be mentioned that ifthe loading line (solid) would be less steep (dotted) it would 
cross the curve at three points rather than one point and instead of a smooth decrease in 
voltage at large current one would have a sudden drop when the load line passes the top of the 
plot (see the Discussion also). 

Physically the behavior of the diode voltage as a function of ion current density may be 
understood without calculations. At small current densities the magnetic insulation is strong 
enough and the voltage is provided by the formula for a Child-Langmuir ion diode uniformly 
filled with a charge-neutralizing electron component. At large current densities the magnetic 
pressure cannot counteract the electrostatic attraction of the electron cloud towards the anode 

except in a the small region of the order of the magnetic Debye scale near the anode. In that 
case the physical diode gap deff no longer coincides with the geometric one but is of order r s : 

This results in a scaling U oc B!pp/l which can be understood in crude hydrodynamic terms. 
The momentum flux continuity 

the continuity equation 
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ni vi = const = j/e 

and the energy conservation 

result in the relationship 

where we have taken into account the zero values of the electric field at the electrodes. This 
relationship is true as long as we can neglect the heat pressure of the electron gas, otherwise 
one should add it to the magnetic pressure. At large currents the theory provides Ba= 3Bappt , 

Be= Bappl and we arrive at the expression 

for the diode voltage. 

Discussion 

The existence of the falling part of the voltage curve can lead to important consequences. 
First, the negative derivative of the voltage over the current density means instability of the 
ion current emission. Entering the falling part of the curve, the ion diode should immediately 
switch into the regime with local ion current density oscillations. That can probably explain 
what is actually observed in the experiments where the strong slow oscillations ofthe local 
ion current density can suddenly arise. Another consequence is the ability of the diode to 
switch from one voltage to the smaller one when the load line passes the top of the voltage 
plot. That is also what the experiments show. A very important point is that the voltage drop 
and switching to the slow oscillations will strongly correlate in time, since they both result 
from the falling branch of the voltage curve. 
It should be mentioned here that although the qualitative conclusions are not too sensitive to 
the chosen model, the digits could be. Thus, finite electron gyroradii lead to an appreciable 
increase in the voltage due to vacuum layer formation near the anode: electrons cannot 
approach the anode closer than their gyroradii allow. The finite pressure ofhot electron gas is 
also important when considering the pressure balance in the diode. The finite electron mass 
is neglegible only with relativistic voltages on the diode, otherwise one should consider the 
effect of the c/ro pe scale which is no Ionger small. All these effects are too unmanageable to be 
correctly considered analytically and require us to combine theory with numerical 
examination. 
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Ion Beam Emission From a Rippled Surface 

A.G retchikha 

Abstract 

Child-Langmuir emission of an ion beam from a rippled surface is considered. It is shown 
that the beam divergence has zeros at distances from the emitting surface which 
asymptotically form the geometric progression with a progression factor 

q = exp(6n/ J7)::::; 1242. The effect of a weak adiabatic cooling of the beam is found. 

The problern ofthe Child-Langmuir emission of a beam from a rippled surface is important 
if we are interested to predict the beam angular divergence created by the wavy shape of an 
emitting metal or plasma boundary. Let us assume that the beam moves along the x axis and 
that the emitting surface is directed along the y axis. Weshall derive an equation describing 
the stationary spatial distribution for the beam of arbitrary geometry and examine its linear 
properties for the case of a slightly rippled anode where the öx coordinate of the anode 
surface is behaving as ox = OXmaxexp(iky), koxmax << 1 (Fig.1). 

beam 

X 

anode 

Fig. 1. The initial geometry. 

The equations describing the beam should include the continuity of flow 
V(nv) = 0 , (1) 

zero vorticity of the flow 
Vxv= 0 (2) 

which allows us to represent the velocity v as a gradient of some scalar function 
v= VS, (3) 

energy conservation 
v2 ~ U (4) 

valid for the stationary case,- and the Poisson eqation 
n ~ b.U (5) 

that relates the beam density with the potential U . The zero vorticity results from its being 
frozen in the flow and from zero initial conditions at the emitting surface. Substituting these 
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relationships one into another, we arrive at an equation describing the beam in the general 
case: 

div(gradS * 11((gradS)2)) = 0. (6) 
It should be emphasized here that we did not assume anything but stationarity when deriving 
this equation , therefore, it is valid for all geometries of the emitting surface where beam 
particles do not start to intersect the trajectories of others. 
Now we are proceeding to examine the linear properties of equation (6). Splitting the solution 
S into a nonperturbed one So and into the perturbation S 1 where 

So= jll3x513 (?) 

corresponds to the standard one-dimensional Child-Langmuir flow (we are omitting all the 
dimensional factors except for the dependence on the current density and space coordinate) 
and 

S1 = a(x)exp(iky) (8) 
where the dependence on x is tobe found. Substituting S =So+ S1 , S1 <<So into the general 
equation we arrive at a linear equation for the factor a(x) : 

(a1 Sri211 + 2Sri(Sria')11)1
- k2(aS~11 + 2(Sri2 a1

)
1
) = 0. (9) 

Substituting a = j 113 x213 ( -~ox )fand taking into account the dependence of So on x we finally 
arrive at the equation 

x2f4) + 1_"6xf3) + 40f2) = k2(x2f2) + ~xf1) + W (1 0) 
~ 9 ~ ' 

for the dimensionless functionfthat provides the angular beam divergence 
vylvx = -ikoxfexp(iky). It should be completed by the boundary conditions at the anode 
reflecting the fact that in the vicinity of the emitting point where two-dimensional effects are 
negligible the solution coincides with the usual Child- Langmuir law. That means that the 
asymptotic solution for x ~ ox should look like 

S=(i+oJ) 113 (x-ox) 513 (11) 
or, in terms ofj, 

f = 1- to/tx + .... (12) 
As the fourth order equation has four linearly independent solutions we can conclude that this 
asymptotic completely determines the solution excluding two solutions which have 1/x-
and 1/x2 - singularities at x ~ 0 and selects the weights at which the two regular ones 
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Fig. 2. The dimensionless transverse beam velocity Vy as a function of kx . 
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(having respectively zero value and zero derivative at x = 0) should be taken to provide j(x). 

Done numerically it results in the relationship §!. ,::; 1. 82köx between the amplitudes of the 
J 

current density and the anode surface perturbations. 
The numeric solution ofthe equation for j(x) by a finite-difference scheme is not possible (the 
equation has exponential solutions which Iead to exponentially rising numeric errors killing 
the right solution almost immediatelly) and it is reasonable to Iook for a solutionmatehing 
numerically the Taylor series for x-+ 0 and for x-+ oo. The resulting transverse velocity of 
the beam 

vy(x) = -iköxvc~(x)j(x) (13) 
is shown in Fig. 2 where a logarithmic scale for kx is chosen and Vy is normalized by 

Va = -ikÖXVct(k-1) (14) 
where vc~(x) =Vx is the longitudinal velocity ofthe Child-Langmuir at the distance x from the 
anode and the imaginary unit implies that the perturbations in v y are shifted by the phase n/2 
relative to the perturbations of the surface. One can see a sequence of zero values for Vy has 
at the distances forming asymptotically the geometric progression and weak reduction of the 
amplitude of Vy oscillations at x -+ oo. The analytic result provides 

vy ~ (kx)-116exp(if[ ln(kx)) (15) 
for the Vy asymptotic at large kx which results in a value of 

q = exp(6n/ /7) = 1241.98... (16) 
for the progression factor (the next distance with zero vy is q times greater than the previous 
one). The numeric solution shows that the first zero occurs at kx,::; 217.1. Fig. 3 exhibits the 
angular beam divergence as a function of kx. The physical meaning of the slow decrease of 
the Vy amplitude with kx is the following. When the particles are far away from the anode 
( compared to the wavelength of pertubation /.. = 2nlk ) the only surviving degree of freedom 
for perturbation is the oscillations of the particles parallel to the anode with the plasma 
frequency 

ffip = (4ne 2n/m) 112 (17) 
As the ratio E/rois an adiabatic invariant ( E = mv~/2 + e8U is the total transverse energy of 
the oscillating particle), the amplitude of Vy ~ Ef12 should go down as ro~12 ~ n 114 ~ x-116 • i.e. 
the reduction of vymeans adiabatic cooling ofthe beam. Let us finally determine the Iimit of 
applicability of the linear approximation. It is provided by the condition that particle shifts in 
y direction should be small relative to the wavelength: k8Ymax << 1. The expression for Vy 
results in kÖYmax ~ kÖXmax(kx) 116 and the Iimit of applicability should therefore be 

k8Xmax(kx) 116 << 1 (18) 
which is not very restrictive, for most cases it coincides with the condition of small surface 
modulation köxmax << 1. As öjlj = önln = -iköy for the linear oscillations, the condition (18) 
is also responsible for the smallness of öjlj , önln. 

Let us apply the theory developed to estimate the real angular beam divergence that could 
result from a rippled plasma surface created on the anode. The tipical wavelength is 
determined by the distance between the slots filled by epoxy to provide the flashover 
surface on the anode and is ofthe order of 1mm. The typical diode gap is about 5mm. 
Assuming the parameter köx to be of order 1 one finds the beam output divergence for 
kx = 2n * 5 = 31.4 ... 
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ELECTRON SHEATH COLLAPSE IN AN APPLIED-B ION DIODE 

A. Grechikha 

Forschungszentrum Karlsruhe, Institut für Neutronenphysik und Reaktortechnik 
Postfach 3640, 76021 Karlsruhe, Germany 

Abstract 
The effect of the electron sheath collapse in an applied-B ion diode due to the presence ofthe 
resistive anode plasma layer is found. It is more damaging at higher diode voltages and it 
may be responsible for the parasitic load effect observed in the experiments. 

Introducdon 
Applied-B ion diodes are used for the generation and focusing of intense ion beams in the 

Inertial Confinement Fusion Program. The basic effort has been to increase the energy and 
improve the quality ofthe beams. Experimentsshow that there are many obstacles to this, and 
the unstable behavior of the magnetized electrons is among them. Describing the electron 
component is one of the basic problems in the theory of ion diodes. The reason is that, in 
centrast with a classical Child-Langmuir diode, in which the electrons are freely accelerating 
between the electrodes, an ion diode requires magnetic insulation of the electrons, which 
would otherwise carry most ofthe current. Magnetic insulation, however, makes the 
behavior of the electrons extremely complicated. 

The basic goal of the present work is to investigate the role of the anode plasma in the 
problern of stability of the electron sheath in the diode. Both analytic and numerical 
approaches are used. It is shown analytically that the infinitely thin electron sheath is 
generally speaking unstable in the presence of a resistive anode plasma and the threshold 
thickness of the plasma layer is less, the greater the ion current enhancement is. The 
numerical part of the work is to study the role of finite electron gyroradii which are assumed 
tobe zero in the theory. The main result isthat low-voltage diodes exhibit better stability due 
to the limiting effect of larger gyroradii. 

Theory 
Let us consider an infinitely thin electron sheath in the diode (Fig. 1), the position of 

which is determined by the balance [1] between electrostatic attraction to the anode and 
resulting 
magnetic pressure defined by the extent of the compression of the magnetic flux captured in 
the gap and the extent ofthe expansion ofthe magnetic flux captured in the charge-neutral 
regwn 

Here the left side represents the net force acting on the sheath from the anode and the right 
side represents pressure of the magnetic flux captured in the charge-neutral region of the 
diode. The presence ofthe anode plasma results in a different scaling for the two forces: the 
magnetic one and the electrostatic one. The pressure of the magnetic flux captured to the 
diode gap is proportional to the inverse square of the distance from the sheath to the anode, 
while the electrostatic force for the given voltage is proportional to the inverse square of the 
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Fig. 1. Geometry of the model. 

distance from the sheath to the boundary ofthe plasma layer (we assume here, forthissimple 
argument, the skin time for the magnetic field penetrating into plasma to be small compared 
with the pulse duration). Ifboth forces are large enough compared with the pressure ofthe 
magnetic flux captured in the charge-neutral region (the case of the large current 
enhancement), the stability ofthe electron sheath is impossible as the electrostatic force 
(directed to the anode) rises faster than the magnetic one (having the opposite direction) when 
the sheath position is shifting towards the anode. The theory provides the expression 

1 - tanh ff = 1-qx/8 
ff 1-q (2) 

for the growth rate y where 1: = 4ncro2/c2 is the plasmaskintime and q = c~=~)2 ~=~. One 

can find that y > 0 at 

~ d(x(L-d))3 L /(1 (x(L-d))3 d ) 
u > d(L-x) L-d + d(L-x) L-d ' (3) 

If L >> d, one can neglect the change in the pressure ofthe magnetic flux in the 
charge-neutral region and the condition of instability simplifies to: 

8 > d(~) 3 • (4) 

This means that at the large enhancement ( x << d) a smaller plasma layer is sufficient to 
cause the electron sheath instability. The physical meaning ofthe threshold isthat the spatial 
derivative of the force F acting on the unit square of the electron sheath, where 

changes its sign from negative to positive and instead of returning the sheath to the 
equilibrium position, the force F acts to increase the deviation from equilibrium. One can 
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show that the unequality (3) is equvivalent to the condition dF!dx > 0. 

Simulations: The Model 
Simulations using the 2D PIC code KARAT [2] were carried out in order to clarify the 

nonlinear stage ofthe instability, its sensitivity to the physical parameters, and its possible 
effect on the ion diode behavior. A simple model for the simulations was chosen: the resistive 
plasma was modelled by a region with constant resistivity; the ion beam was absent. This 
simple model is more preferable than an exact one in the sense that it cuts off all the features 
which arenot related to the studied effect, such as the two-fluids electron-ion instabilities as 
weil as by the instability of the plasma surface due to the ion beam emission. (See the 
Discussion also.) The only quantitative consequence ofthe absence ofions in the simulations 
is that the voltage and electric field in the gap are related by the factor a = 1 rather than 
a = 0.75 as it would be in the case of a Child-Langmuir diode. 

Results 
Figure 2 exhibits the pattem of the sheath instability for the high-voltage case U = 1 OOMV 

which is closer to the theory's assumptions as the electron gyroradii are small and the 
approximation of an infinitely thin electron sheath works well enough. One can see that the 
instability results in spot-like regions where the electron sheath penetrates into the resistive 
plasma. Figure 3 exhibits the same case with half the anode width along the magnetic field. 
Only one spot develops.Figure 4 exhibits a lower voltage case with U = 1 OivfV. One spot 
develops, but it is much more diffuse. The depth of the electron sheath penetration into the 
plasma is much less. 
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Discussion 
It has been shown that in the case of higher voltages, the instability is more damaging in the 
sense of the electron sheath uniformity and insulation. Better performance of the diode is 
expected at lower voltages due to the stabilizing effect of the relatively larger electron· 
gyroradius, which obeys the scaling 

The simulations with the low voltage U = lMV did not exhibit any significant effect of the 
instability at all. This conclusion, however, may be too optimistic because in the real 3D 
electron dynamics their gyroradii could be less due to the possibility of energy transfer from 
gyrorotation to other degrees of freedom - e.g. to ion beam. The described effect may be 
responsible for the parasitic load effect both because of the breakdown of the electron 
insulation at the spots and the enhancement in ion current emitted from the spots; theion 
beam from the spots would not contribute to the focussable beam because of strong local 
defocussing. 
This instability due to the presence of the anode plasma is not the only one. It can be shown 
that the ion emission from the plasma leads to instability ofthe plasma boundary, with a 
growth rate provided by the dispersion relationship 

co 2 = 1.81...ilkiBJJcp (7) 

which is consistent with the observed time dependence ofthe anode plasma layer broadening. 
Here p is the mass density of the plasma and the wavenumber k is directed across the 
magnetic field. The physical meaning of this instability is that rippling of the plasma 
surface leads to the modulation of the emitted ion current density which is larger at the tops 
ofthe ripples, and this, in turn, causes modulation ofthe magnetic pressure acting on the 
plasma surface which results in the further development ofthe ripples. This instability may 
also significantly limit the ion beam quality, but its detailed description is beyond the scope 
ofthe present paper. 

[1] M.P.Desjarlais, Phys.Fluids B 1, 8 (1989). 
[2] Ignatov A.M., Tarakanov V.P., Phys.Plasmas, 1, 741 (1994). 
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MAGNETIC FJELD CALCULATIONS 

W. Bauer, R. Häfner 

Forschungszentrum Karlsruhe GmbH, Postfach 3640, 76021 Karlsruhe, Germany 

In this report Ralph Häfner' s diploma work is summarized, where first 
time resolved magnetic field calculations using the finite-element
program "ANSYS" on our applied-B-diode were carried out. The 
results show that the magnetic flux penetrating the anode is minimized 
at the time instant, when the diode is fired. 

1. INTRODUCTION 

An important part of the particle-in-cell-simulations reported earlier [ 1] was the calculation of 
the magnetic field generated by external coils for the applied B-Diode. The program "PROFI" 
[2] was used for this purpose, and the results of these calculations on reetangular grids were 
interpolated to fit into the boundary-fitted grids used in our particle-in-cell-codes "BFCPIC" 
and "DRIFTPIC" [3]. In these magnetic field calculations only a harmonic, sinusoidal time 
dependence of the magnetic field was assumed, without taking into account the real time 
dependence ofthe pulsed magnetic field. 

The transition from the centralized vector computer, used earlier, to distributed work-stations 
and the new development of a time-resolved PIC-code (see the following paragraph) initiated 
considerations of using a new finite element program for the calculation of transient (time
dependent) magnetic fields. It was expected, that the Program "ANSYS" [ 4] should be easier 
to handle and better suited for our type of boundary fitted grids. Especially it is planned to use 
the same grid for the particle-in-cell-code and for the magnetic field code, which is not possible 
in PROFI. In order to test ANSYS some calculations on a model of our present Applied-B
Diode were carried through, the results of which are reported in [5]. A short summary of this 
work follows here. 

2. RESULTS 

The purpese of the magnetic field in Ion Diedes is to prevent direct electron flow from the 
cathode to the anode. To accomplish this, the magnetic field lines have to be as exact as 
possible parallel to the anode. In addition it is necessary, that the canonical momentum of the 
ion beam leaving the anode is zero, in order to enable a focus point on the axis. The minimum 
radius rmin ofthe focus spot is given by [6] 

(1) 
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where U is the accelerating voltage, q and m are charge and mass of the ions and roA(ro) is the 
vector potential at the anode surface. This means that a small focus point is only possible, if the 
magnetic field does not penetrate into the anode while the ions are emitted. This is 
approximately achieved by applying a current pulse as shown in fig. 1 to the magnet coils. The 
small pulse of 15 kA with a risetime of 6.25 ms (160 Hz) produces a magnetic field of opposite 
direction, thus compensating the 50 kA pulse at 4400 Hz at the instant when the high voltage 
pulse of 60 ns duration extracts the ions from the anode. 
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Fig. 1: Current pulse used for simulation Fig. 2. Applied-B-Diode model 

Fig. 2. shows the outlines of the Applied B-Diode as it is modeled in ANSYS. In fig. 3. the 
absolut value of the magnetic induction B is plotted as a function of time. The B-values are 
given for 6 different locations defined in Table I. The radial coordinate is 83.5 mm for all 
points. 

Table I. Evaluationpoints for B plotted in Figures 3 and 4. 

in Anode I 3mm inside the anode 
in Anode2 1mm inside the anode 
vAnode3 0.5 mm in front ofthe anode 
vAnode4 2 mm in front of the anode 
vAnode5 5 mm in front of the anode 
vAnode6 9. 5 mm in front of the anode 

The curves resemble the current pulse of fig. 1. The dip at the end of the compensation field is 
due to the isolation field that goes into the opposite direction. The maximum value reached 
close to the anode surface (vAnode3) is 3.2 VS/m2

. 

The magnetic vector potential rAe is plotted as a function of time in Fig. 4 for the same points 
as defined in Table I. Here it can be clearly seen that the vector potential approaches zero at 
the time, when the diode is fired (about 1.5 ms after the start of the compensation field). To 
show this in more detail a blow-up offig. 4 around the time interval from 1.464 to 1.544 ms is 
shown in fig. 5. 
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Taking from this simulation a value ofr.Ae = 0.2 · 10-3 Vs a minimum possible focus radius of 
lmm is obtained in equation (1) for the parameters of our diode. 

These calculations will be continued with the aim to further optimize the magnetic field in the 
diode gap and thereby improving the isolation by using separate capacitor banks with different 
current time histories for the inner and outer coils. 
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The Karlsruhe Diode Simulation Program 
System KADI2D 

M. Boger, E. Halter 1 , M. Krauß 2 , C.-D. Munz, 
R. Schneider, E. Stein, U. Voß, T. Westermann 3 

Forschungszentrum Karlsruhe - Technik und Umwelt, 
Institut für Neutronenphysik und Reaktortechnik, 

Postfach 3640, D-76021 Karlsruhe 

The numerical concept realized in the the Karlsruhe Diode Code KADI2D is briefly reviewed. 
Several new aspects concerning the Maxwell field solver based on high resolution finite-volume 
methods are presented. A new approach maintaining charge conservation numerically for the 
Maxweii-Lorentz equations is shortly summarized. 

1. lNTRODUCTION 

For experiments with the object of optimization as well as for further develop
ments of ion diodes it is very important to get a deep physical understanding of 
the fundamental time-dependent phenomena occuring inside those diodes. Elabo
rate computer simulations are an effective and ideal tool to enhance the knowledge 
about the complex ion diode physics and, additionally, could force time and reduce 
costs of further developments. Extensive experimental investigations [4, 5] accom
panied by guiding analytical works [12, 13] and comprehensive three-dimensional, 
time-dependent simulations [14] stamp our present understanding of the ion diodes 
which is closely related with the non-linear dynamics of the non-neutral plasma in
side the ion diode gap. This physical observation is modelled mathematically by the 
Maxwell-Vlasov equations (see e.g. [10, 11]). However, for numerical calculations 
it is more convenient to replace the Vlasov equation by its characteristic equations 
resulting in the Maxwell-Lorentz system. 

The numerical simulation of concrete field problems such as the stationary or 
nonstationary Maxwell equations in relevant technical geometries require an ade
quate computational grid. This grid should cover the domain of interest as good as 
feasable. Therefore, we adopt a grid model based on boundary-fitted Coordinates 
(BFC) [34] resulting in quadrilateral meshes which posseses the great advantage 
that the data structure is regular. 
Practical grid generation is often cumbersome and connected with great effort: High 
quality Simulations of electrical devices require an appropriate replica of the boun
dary of the computational domain, where several kinds of boundary conditions could 
be imposed. To fulfil the high accuracy requirements for the discrete solution of Max
well equations it is necessary that the grid zones are not distorted too much and 
that the grid fineness is controllable. To simplify the grid generation procedure the 
program package lnGrid (Interactive Grid generation) [16] has been developed in 
close collaboration with the Fachhochschule Karlsruhe. This program system is a 

1 Fachbereich Feinwerktechnik, FH Karlsruhe, Postfach 2440, D-76012 Karlsruhe 
2Forschungszentrum Karlsruhe, Hauptabteilung Informations- und Kommunikationstechnik, 

Postfach 3640, D-76021 Karlsruhe 
3Fachbereich Naturwissenschaften, FH Karlsruhe, Postfach 2440, D-76012 Karlsruhe 
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combination of the powerful construction tool AutoCAD with extended BFC grid ge
neration techniques [17, 15), which enables to generate interactively a computational 
grid in two dimensions in an effective and comfortable manner. 

The numerical solution of the Lorentz and stationary Maxwell equations based 
on the above mentioned BFC grid concept is realized with the simulation program 
BFCPIC [38] which has been developed at the Forschungszentrum Karlsruhe during 
the last years. It has been turned out that BFCPIC is an excellent tool for the op
timization of the design of technically relevant diodes and their resulting focussing 
properties [2, 36]. Furthermore this code is successfully applied to the simulation 
of numerous devices at the Forschungszentrum where stationary fields are dominant 
(see e.g. [7] and references therein). However, it is not possible to study with the 
BFCPIC code important time-dependent phenomena. Urgentproblems like the ori
gin and consequences of electromagnetic instabilities inside the ion diode gap and, 
especially, their influence to the stability and quality of the ion beam require the nu
merical solution of the full nonstationary Maxwell equations. For that purpose, the 
recently developed Karlsruhe Diodecode KADI2D is now available. Modern nume
rical techniques based on finite-volume (FV) methods are employed in KADI2D to 
attack the nonstationary Maxwell equations numerically [15]. The application of 
FV methods, which are known to be very robust even when strong gradients oc
cur, is a new approach in electromagnetics [24] and self-consistent particle simulation 
using Maxwell-Lorentz equations. Well-established subroutines for the particle treat
ment are carefully adapted form the BFCPIC code to the new data structure of the 
KADI2D program system. For a detailed discussion of numerical results obtained 
with the time-dependent, 2~-dimensional BFC version of KADI2D we refer to [26]. 

After abrief overview of the numerical model in its entirety we will focus our atten
tion to a few selected aspects concerning the Maxwell as well as the Maxwell-Lorentz 
equations. Some results obtained with KADI2D will be presented, demonstrating the 
properties and quality of the applied numerical methods. Concluding remarks ab out 
the further program development and on planned activities finish this paper. 

2. THE NUMERICAL MODEL 

The self-consistent numerical solution of the Maxwell-Lorentz equations is ob
tained by applying the well-established particle-in-cell (PIC) method [3, 19]. This 
method is an attractive computational tool for studying kinetic phenomena, in par
ticular in plasma physics: The orbits of electrically charged particles have to be de
termined with respect to externally applied as well as self-generated electromagnetic 
fields. Especially, for pulsed power ion diodes the magnitude of the self-generated 
fields is of the same order as that of the applied ones. The basic idea of the PIC 
method can be skilful summarized by a representation of several steps within an 
iteration circle. 

Therefore, we suppose that the external as well as the self-consistent charge and 
current density pext, jext and p8 c, yc, respectively, is given at a certain time level 
t = tn-1; 2 • In solving the Maxwell equations 

(2.1) 

(2.2) 

(2.3) 

8tE- c2 \7 X B 

OtB + \7 XE 

V·E 

= 

= 

= 

_ _!_ wxt + lc) 
Eo 

0, 
1 _ (pext + psc) 
Eo 

(2.4) \7 · B 0 , 

for instance numerically with a FV field solver, we obtain the electric field E and 
magnetic induction B at the new time level t = tn at the barycenters of the computa
tional grid zones. Here, 8t and \7 are the usual abbreviations for the time and space 
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derivation, respectively, and the permittivity c:0 and permeability J.Lo of vacuum are 
related to the speed of light according to EoJ.Loc2 = 1. Afterwards, the electromagne
tic fields E and B have to be interpolated to the actual position xk ( tn) of the charged 
particles, where the index k runs over all particles inside the computational domain. 
The used interpolation scheme is an extension of the standard area-weighting me
thod [25), properly calculates the interpolation weights for arbitrary quadrilateral 
BFC grid zones [31]. The electromagnetic fields at the particle position set up the 
Lorentz force 

(2.5) 

acting on the charge qk with the velocity vk(tn), which is responsible for the redistri
bution of the charged particles within the domain of interest. The new phase space 
coordinates are determined by solving the relativistic (electrons) and non-relativistic 
(ions) Lorentz equations: 

(2.6) 
dUk(t) Fk(t) . 

Uo = Uk(tn-1/2), dt ) 

mk 

(2. 7) 
dxk(t) 

vk(t); Xo = Xk(tn) , 
dt 

where mk denotes the mass and U k = 'Yk Vk, with "(2 = 1 + (U / c) 2
, the relativistic 

velocity of the k-th charged particle. The particle-pushing according to the Lo
rentz equations (2.6), (2.7) is numerically performed by applying the second-order 
leapfrog-scheme [35] which possesses the advantage of time-centeredness and, hence, 
time reversibility. In order to obtain the new charge and current density distribution 
due to the movement, the particles have tobe located with respect to the computa
tional grid [37]. The resulting interpolation weights for the four barycenter corners 
surrounding the new particle position xk(tn+d are calculated, necessary for the as
signment of the contribution of the k-th particle to the self-consistent charge and 
current density at the new time level t = tn+l/2 [15]. 

Now, the iteration cycle is closed and the electromagnetic fields used for the 
next cycle have to be determined from the solution of the nonstationary Maxwell 
equations (2.1)-(2.4). Proceeding in this way by considering the linked interplay of 
Maxwell and Lorentz equations the self-consistent solution of this non-linear system 
is obtained. 

3. THE FINITE-VOLUME METROD BASED MAXWELL FIELD SOLVER 

Solving Maxwell equations numerically we use in the KADI2D codehigh resolution 
FV methods [22] which are from the point of construction very evident and known 
to be very robust and able to resolve strong gradients without generating spurious 
oscillations. Numerical algorithms in the time domain are usually based only on the 
Maxwell equations (2.1) and (2.2). These equations may be recast in conservation 
form [15] 

(3.1) OtU + Ox 1 ]1(u) + Ox 2 h(u) = q(u), 

where we restricted ourselves to two space dimensions and assume that the vector 
of the electric field and magnetic induction 

(3.2) 

does not depend on x3 . The essential aspect in this formulation is that the curl 
operator appearing in (2.1), (2.2) is replaced by component-by-component diver
gence applied to the fl.uxes fi(u) = Ki u, i = 1, 2, where the Ki are constant (6 x 6) 
matrices (see e.g. [15]). The vector of the source terms q(u) essentially contains the 
current densities of equation (2.1). 
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We assume that the physical domain is covered by a structured boundary-fitted 
grid composed by quadrilateral zones Vii with the area I Vij I· A FV scheme is 
obtained integrating the conservation equations (3.1) component-by-component over 
the space-time volume Vii x [tn, tn+d· With the average of u over the grid cell Vij 
at timet= tn defined as uij = 1J.;I J. u(x, tn) dV we get the explicit standard FV 

v,, 
scheme in conservation form 

4 
n+l _ n .6.t ""' cn A n uij - uij - IVi ·I L.,; ij,ß + utqij ' 

•J ß=l 
(3.3) 

where the vector qij approximates the source terms averaged over Vii and the time 
interval.6..t = tn+l -tn. The so-called numerical flux through the boundary segments 
of Vij 

(3.4) Gij,ß ~ j [n~:!ßh(u) + n~J!ßh(u)] dS 
8;;,{3 

is an approximation of the dot product between the physical flux vector 

(h (u), fz(u)f and the outwards directed unit vector nij,ß = (n~:!ß' n~J!ß) T normal 

to the edges Sij,ß of Vii. FV schemes are completely defined if the numerical fluxes 
are specified. The suitable calculation of these fluxes from averaged quantities at 
the time level t = tn is the main task in the context of FV methods. 

One possibility of flux estimation is based on the solution of the so-called Rie
mann problern (RP) (15, 27], which can be solved exactly in the present case of linear 
hyperbolic equations. By the use of the RP solution the local structure of wave pro
pagation is directly incorporated into the numerical approximation, responsible for 
the inherent robustness of these schemes. The siruplest numerical flux approxima
tion based on the solution of the RP known as Godunov method, is only first-order 
accurate in both space and time and, in general, not applicable for most practi
cal purposes. To heighten the order of the schemes it is sufficient to improve the 
order of the numerical flux calculation: Applying the MUSCL (Monotonic-upwind
schemes for conservation laws) approach proposed by van Leer (21) a second-order 
space and time accurate TVD (Total Variation Diminishing) FV upwind-scheme is 
obtained (15, 27], which is implemented as the standard Maxwell field solver for the 
KADI2D program system. 

Typical test problems for validating the implemented Maxwell solvers are the 
approximation of TM and TE standing waves, for which exact solutions are available 
[20). 

The contour plots shown in Figure 1 are recorded at t = 90 ns (left) and t = 180 ns 
(right) and give an impression of the spatial distribution of the E3 field component of 
a TM problem, where two wave trains are excited in each direction. The numerical 
results (lower two pictures) are obtained for a quadratic computational domain 
parallel to the axis but the grid lines inside the domain are strongly disturbed 
according to a sine curve (27). The comparison with the exact solution (upper two 
pictures) plotted at the same computational grid convincingly shows the quality of 
the approximation. 

An important part of solving numerically hyperbolic Maxwell equations is to 
specify the boundary conditions imposed at the border of the computational domain 
properly. Therefore, the finite-sized physical domain is surrounded by two additional 
stripes of grid zones called dummy cells in the following. If these dummy cells are 
covered with suitable values an effective flux calculation at the boundary of the 
computational domain is guaranteed and automatically incorporated into the FV 
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FIGURE 1. Spatial distribution of the E3 field of a TM calculation 
on a strongly disturbed grid at t = 90 ns (left two plots) and t = 180 
ns (right two plots). The inspection reveals that the numerically 
obtained result (lower two pictures) is in nearly perfect agreement 
with the exact solution (upper two pictures). 

scheme. The numerical realization of both physically (like perfect conducting wall 
or irradiation of electromagnetic energy) and computationally (like open boundaries) 
motivated boundary conditions is founded in the framewerk of RP (15]. Checking 
simultaneously the numerical treatment of different kinds of boundary conditions for 
the Maxwell equations, we consider the radiation field of a simple 2d-dipole located 
at the origin ofthe (x,y)-plane for which a closed-form solution is known (15]. The 
finite-size computational domain for this problern is shown in Figure 2 consisting 
of a quater ring with an inner and outer radius Ri and Ra, respectively. At Ri the 
theoretical result of the oscillating dipol is irradiated into the domain while open 
boundary conditions are imposed at Ra and symmetric considerations are necessary 
at the axis. The contour plot seen in Figure 2 is a snapshot of the numerically 
obtained B2 dipol field distribution at t = 30 ns, clearly indicating that no visible 
wave reflection occur at the truncated numerical domain at R0 • By scanning the 
time variation of the B1 field component at four fixed points in space (R1 = 1.01m, 
R2 = 1.41m, R3 = 2.59m, R4 = 2.99m) lying at the bisector of the angle of the first 
quadrant the exact solution (solid lines) and numerical approximation (open cirles) 
reveal the high quality and accuracy of the applied methods. 

For long-range calculations finding the existing stationary solution numerically 
as well as for problems showing high-oscillatory behavior or/and steep gradients in 
their solution high-order methods are necessary. Modern ENO (Essentially Non
Oscillatory) extensions of FV methods have been proposed recently (32, 33, 9, 18], 
exhibiting excellent improvements in numerical accuracy. This ENO approach is 
investigated with respect to our purposes and implemented as a further optional 
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FIGURE 2. The upper picture shows the spatial distribution of the 
numerically obtained and exact B 2 dipol field solution. The exact 
solution is plotted left and the numerical approximation is plotted 
right of the bisector of the angle of the first quadrant at t = 30 ns. 
A quantitative comparison between the exact solution (solid lines) 
and the numerical result ( open circles) of the B1 field component 
at four different fixed points is depicted in the lower plot. 

Maxwell filed solver in KADI2D. The desired high-order numerical fl.ux calcula
tion is obtained by applying ENO-reconstruction methods. To achieve consistent 
numerical accuracy in time Runge-Kutta schemes are used to solve numerically a 
semi-discretized formulation of FV schemes in conservation form (6]. 

The result of a numerical experiment for a simple TM problern is depicted in 
Figure 3. There, the exact E3 field solution (solid lines) is compared with three 
different numerical approximations at t = 75 ns (left) and t = 150 ns (right). 
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FIGURE 3. Comparison of the exact TM solution of the E3 field 
component (solid lines) with three different numerical approxima
tions at t = 75 ns (left) and t = 150 ns (right). The crosses, tri
angles and circles indicate the first-order Godunov, TVD MUSCL 
and ENO results, respectively. 

Obviously, the first-order Godunov result (crosses) shows strong numerical damping 
while second-order TVD MUSCL approach (triangles) reproduce the exact standing 
wave solution very well. Clearly, the third-order both in. space and time accurate 
ENO approach (circles) produce the best results: The form and amplitude of the 
wave shown are in nearly perfect agreement with the exact result. Furthermore, a 
series of numerical calculations with different grids have been performed, revealing 
a qualitative picture of the approximation quality of ENO schemes with different 
order. It is found out [27, 6) that the number of grid points could be considerably 
reduced using sophisticated ENO implementations and, hence, these schemes seemed 
to be very attractive for extension of the KADI2D code up to three dimensions in 
space. 

4. A NEW APPROACH TO IMPROVE CHARGE CONSERVATION 

A direct consequence of the fact that the divergence of the curl of a vector field 
is zero results in the equation of charge conservation 

( 4.1) 8tP + V' · j = 0 , 

which is true for all times if E, B, j and p fulfil the Maxwell equations (2.1)
(2.4). Otherwise, if (4.1) is valid for all times and initial data satisfy the divergence 
equations (2.3) and (2.4) then the solution of (2.1) and (2.2) automatically fulfil 
Gauß law (2.3) and the absence of magnetic monopol statement (2.4) for all times. 

An important situation occurs when the Maxwell field solver is applied as one part 
in a self-consistent simulation of charged particles in electromagnetic fields: Each 
step of the PIC approach outlined in section 2 introduces numerical errors and a 
discrete analogue of the charge conservation (4.1) does not hold exactly or even with 
a defect of a certain order. Since only current density is used for the numerical field 
calculation, the consistency of Eo V' · E with charge density p may be lost. Several 
sophisticated correction methods imposing directly the divergence conditions by the 
introduction of correction potentials have been proposed [3, 23). Since for practical 

-75-



1.0-
~ ~ 0 A 0 I• ... 

!/; !;., '/\ '!\ /-.. /\ 
0.8-

tij'0.6-

·" :E x 
"' Eo.4-

0.2-

0.0 

0 10 20 30 40 50 60 70 
t[ns) 

FIGURE 4. An overview of the exact solution of I 'V· EI at a certain 
time is given in the upper picture. The time history of the error 
maxi 'V· EI between the exact solution (solid line) and the numerical 
result (dashed line ß = 30, dotted line ß = 20) based on the strictly 
hyperbolic model (4.1)-(4.3) is depicted in the lower plot. 

purposes the correction of the electrical field is much more important than those of 
the B-field, we restriet ourselves only to the E-field correction. Therefore, we adopt 
the approach of Assous et al. [I] and introduce the Lagrangean multiplier cp, which 
may be considered as a potential correcting the actual electric field. Additionally, 
we modify this system by introducing the term pOt'P and study the constrained, 
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strictly hyperbolic problern [28]: 

(4.2) ßtE- c2\l x B + c2\lc.p = -j/Eo, 

(4.3) 
1 

P/co, -ßt<p +"V· E = 
ß2 

(4.4) OtB +"V XE = 0. 

Here, ß denotes the magnitude of the yet unknown parameter, which has to be 
estimated numerically. In contrast to the usual correction methods [8] this purely 
hyperbolic approach possesses the property that the information of correction or 
equivalent the errors due to Gauß law propagate with a finite velocity ßc. 

Without going into further details [28] we will briefiy discuss the results of the 
simple test problern 

(4.5) Eo = 0, Vx 
(4.6) Bo = 0, Vx 
(4.7) jo = 0, V x, t 

(4.8) p(x, t) = { Po si~(wt) (x, y) = (xo, Yo) 
elsewhere 

indicating that charge conservation is violated. The upper picture depicted in Figure 
4 give a global idea of what happened: At a certain time the absolute value of "V· E is, 
essentially, in a small circle around (x0 , y0 ) nonzero, which means that the oscillatory 
behavior of a point charge is considered. A quantitative comparison between the 
exact and numerically obtained maximum of "V· E on a nanosecond time scale is 
seen in the lower part of Figure 4. An acceptable small deviation from the exact 
solution is visible at the peaks only, indicating that the numerical result based on the 
hyperbolic model (4.1)-(4.3) establishes the consistency of Eo"V· E with the charge 
density p in a very impressive manner for this time-dependent test problem, which 
is difficult to deal with numerically. 

5. ACTUAL AND FURTHER ACTIVITIES 

An important building block to close the chain of field and particle treatment 
and consequently to verify the entire Maxwell-Lorentz program system is the par
ticle generation module. At the moment, the field emission of electrically charged 
particles from the plasma surface is established by applying Gauß law under the 
Child-Langmuir condition. Two further emission seenarios describing the response 
of the preformed plasma surface to the fields inside the computational domain are 
under discussion [30] and are implemented to some extent in the KADI2D program. 
Extensive numerical experiments for idealized ion diode geometries are in progress 
to clarify the impact of different emission models to self-consistent particle Simula
tions. 

The computational effort running KADI2D on a present high performance com
puter is on the order of ten CPU-hours. A distinct reduction of the elapsed-time of 
the calculation can only be achieved if certain appropriate parts of the total simula
tion program are performed parallel on different processors. Hence, one important 
aspect within all stages of the present code development is the far-sighted choice 
and effective implementation of the algorithms, especially, in view of parallelization. 
First experience and preliminary results for an optimized version of parallelized par
ticle treatment running on the CRAY J916 with 16 processors were reported in [7] 
recently. Further appropriate parallelization strategies for the Maxwell field solver 
based on domain decomposition methods are under investigation. 

To ease the handling and to raise the attractivity of complex program systems 
such like KADI2D an adequate graphical user interface (GUI) is necessary. Based 
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on the tool command language T cl and their toolkit extension Tk (29) a user friendly 
GUI for the KADI2D program system is under development. The acceptability of 
test releases indicate the possibility of effective handling and checking data files and 
the comfortable Controlling of the BFCPIC and KADI2D code using powerful GUI. 

Finally, combining the acquired knowledge and experience made with 
KADI2D and focussing our present endeavor it should be possible that a three
dimensional nonstationary extension of KADI2D for Cartesian grids is available du
ring the course of this year. 
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IV Target physics 





Hydrodynamic Beam-Target Experiments on KALIF 

K. Baumung, L. Buth, R. Huber, D. Rusch, J. Singer, 0. Stoltz, INR 
S.V. Razorenov*, A.V. Utkin*, G.I. Kanel* 

The hydrodynamic response of 10- to 1 00-p.m-thick targets can 
provide information on ion beam parameters like proton range, power 
density, and ablation pressure, as weil as the dynamic tensile strength 
oj the target matter under intense stress at nanosecond Ioad 
durations. The primary information in all experiments is the velocity 
of the target surface opposite to the ion beam measured by high
resolution Iaser Doppler velocimetry. In the report period, beam 
diagnostics experiments concentrated on the later time period of the 
ion pulse. For the first time, spatially resolved dynamic tensile 
strength measurements were performed across a grain boundary 
showing that in polycrystalline materials, with short pressure wave
lengths, individual crystal grains jail independently. 

1. Introduction 

The interaction of a pulsed high-power ion beam with condensed matter leads to a rapid 
energy deposition within a layer of finite thickness. The thermal expansion can not follow the 
temperature rise, and high pressure builds up. In the hydrodynamic target experiments 
performed on KALIF we utilize the mass flow induced by this pressure build-up, and the 
resulting motion of the target surface opposite to the beam to investigate the beam properties, 
the beam-target interaction, and properties of condensed matter under nanosecend loading at 
pressure levels of several tens of GPa [ 1]. The measured quantity is the velocity of the rear 
target surface. This can be a free surface velocity ufs, or- ifthe target surface is in contact with 
an appropriate transparent barrier - directly the mass flow, or particle velocity, up can be 
measured. The measurements are performed by remote laser Doppler velocimetry at a high 
temporal resolution (~ 0.2 ns), and zero-dim, or 1-dim spatial resolution at a maximum 
resolving power of -10 Jlm [2]. In the report period, experiments on beam diagnostics, 
dynamic tensile strength of solids, and hypervelocity launehing were performed. 

2. Beam-target interaction diagnostics: improving the sensitivity up to peak voltage 

A space-time-, or x, t-diagram, of the hydrodynamic phenomena encountered with the beam 
target interaction is shown in fig. 1. Protons leaving the anode plasma move at a velocity 
corresponding to the actual diode voltage. On their 15-cm-trajectory to the target ( with the 
Be-diode ), protons starting at a low acceleration voltage earlier in the pulse can be overtaken 
by more energetic ones starting later. With time constants of the pulse rise of 8-12 ns in a 
normal KALIF shot protons with energies between 0.3 and 0.8 MeV may reach the target 
within -1 ns (see fig.2 ). This time-of-flight compression or "bunching" of the ion beam front 
results in a short hurst of the power density that can be comparable with the peak value 
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reached at the voltage maximum. In aluminum, these intermediate energies correspond to 
proton ranges of up to 10 J..lm. As a result, a substantial speci:fic energy is deposited into cold 
- that means little compressible - and dense material that the thermal expansion can not follow. 
High pressure builds up which causes a compression wave to propagate with the so-calied bulk 
sound veiocity of eh~ 7 km/s into the adjacent cold material ( the sound velocity under normal 
conditions is c0 = 5.3 km/s ). Associated with this :first compression ( p/p0 ~1.2) is a mass flow 
or particle velocity up oftypically -1.25 km/s in alumirrum targets. On its arrival at the rear free 
surface the compressed matter expands and thereby accelerates the surface to a velocity Urs = 2 
x Up. This is the :first information of the beam interaction at the rear surface that can be 
recorded by the laser Doppler interferometer. The material expansion propagates as a release 
wave back into the target. On contact with the energy deposition zone the expanded matter is 
agairr pressurized, and another compression wave propagates to the rear surface. 
Reverberations of compression and rarefaction waves successively aceeierate the residual 
condensed part ofthe target ( see :fig. 1). On the beam side the decompression goes along with 
a rapid expansion or ablation of the hot plasma that forms in the energy· deposition zone. As 
the acceleration voltage rises the proton range 15 increases and makes the energy deposition 
zone advance into the adjacent condensed matter at a velocity VR. However, this together with 
the increase of the power density only results in a -10 ns pressure stabilization at a level below 
the initial peak value ( see :fig. 3). As soon as the slope ofthe power density rises reduced the 
pressure starts to fall. In the beginning, the pressure - and thus the particle velocity Up - at the 
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boundary of the energy deposition zone to the cold target material ( located at Ömax ) rise until, 
at time 't = Ömax I cb after the onset of the interaction, the expansion wave starting from the free 
surface of the energy deposition zone reaches this boundary. This causes the slope of the 
up-rise to decrease drastically or, depending on the particular power history, even leads to a 
decrease of Up. In our case, the expansion wave propagates at a bulk sound velocity cb that is 
close to the "shock velocity" Us, at which the pressure wave propagates, and that is determined 
from the particle velocity as 

Us= Co+ S Up ~ 7 km/s (1) 

where S isamaterial constant. With initial ranges ofup to lOJ..lm we obtain 't ~ 1 ns. Equ. (1) 
is a commonly used fit of the Hugoniot equation of state to experimental data. The other 
hydrodynarnic quantities, density p, and pressure p can be determined from the mass 
conservation (2) and the momentum conservation (3) laws. For initial zero particle velocity and 
pressure these relations are 

(2) 

p = Po Us Up (3) 

The Hugoniot EOS is not a complete thermodynamic EOS since temperature is contained 
only implicitly in the specific intemal energy E 

E = Eo + Yz ( Vo-V) p (4) 

where V =1/p is the specific volume. The specific energy and the pressure can be split into a 
"cold" contribution that is due to the compression of the condensed matter, and a "thermal" 
contribution that is due to the thermal excitation of atoms, molecules, or ions, and conduction 
electrons. In the Mie-Grüneisen approximation, this thermal contribution to the pressure is 

(5) 

where the Grüneisen coe:ffi.cient f = f(V) depends on the density only. During the first few 
nanoseconds of the interaction of the beam front with the cold target the pressure in the energy 
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deposition zone can be attributed to the thermal part only. Assuming furthermore that in this 
early phase the density has not yet changed significantly the power density in the beam front 
can be estimated as follows. As mentioned above, the maximum proton range Omax in the beam 
front can be determined from the rise time 'tr of the initial acceleration of the rear target 
surface as Omax = cb 'tr f'::! Us 'tr. The initial pressure is calculated from the measured jump of the 
particle velocity reached at time 'tr using equ. (I) and (3). Taking the Grüneisen coefficient for 
normal density ( r = 2. 0 for aluminum ) the average over 'tr of the power density I in the beam 
front is 

(6) 

The first jump ofthe free surface velocity is typically Urs= 2.5 km/s with the Be-diode in 
aluminum giving up= 1.25 km/s. This yields an initialpower density of I f'::! 0.01 TW/cm2

. This is 
much less than the value shown in fig. 2. However, since in the Be-diode the proton current 
cannot be measured directly it is assumed that it amounts to 25% of the total KALIF current, 
the other part being mainly due to electrons, to some contributions from other ion species, and 
probably to other effects. A more detailed analytical treatment employing an acoustic 
approximation [3] based on the same assumption on the Grüneisen coefficient, and allowing 
for the power density increase rate yields similar values for the initial jump, and increase rates 
d//dt f'::! 0.001-0.02 TW cm"2ns"1 depending on the respective power trace. Since the time of 
flight of the protons is comparable with the rise time of the KALIF pulse minor changes of the 
valtage pulse shape introduce significant changes in the power density profile of the pulse 
front. The above results for I and di/dt are in reasonable agreement with Faraday cup, and 
nuclear activation measurements of the power density [ 4]. 

Because the KALIF pulse is Ionger than the wave transit times in both the energy 
deposition zone and the cold part, the wave reverberations induced in the beginning of the 
interaction superimpose and blur the effects of further energy input. Later into the pulse, in 
addition to these perturbations, the hydrodynamic response of the residual condensed part of 
the target to the power density history is reduced and finally canceled by two effects: At first, 
the massive energy deposition Ieads to a rapid decrease of the density by material ablation. 
This, in turn, increases the compressibility of the matter, and reduces the Grüneisen parameter 
to a stationary value of r= 0.25 for aluminum plasma of 0.01 g/cm3

, respectively. According 
to equ. ( 5), the pressure can be maintained only if the expansion ( increase of the specific 
volume V) is compensated by a corresponding increase rate of the power density [5]. Later 
into the pulse, the energy deposition zone hydrodynamically uncouples from the residual 
condensed part ( cf. fig. 1 ), at first due to shortening effects on the proton range in the hot 
ablation plasma [6], and eventually by the KALIF valtage decrease. At the end of the KALIF 
pulse the expansion velocity is of the order of 100 km/s. This is by one order of magnitude 
greater than the bulk sound velocity. As a consequence, beyond a certain time close to the time 
of peak valtage the energy deposition zone "disappears behind the so nie horizon", that means 
no more hydrodynamic effects due to further energy deposition can reach the residual target. 

However, the sensitivity of the hydrodynamic response at least up to this uncoupling can 
be improved with experiments using :filter foils upstream the target (see :fig. 4). In order to 
avoid hydrodynamic interactions between the two foils during the 30 ns of interest the filter 
was placed 2 mm in front ofthe target. The :filter thickness was varied from 10 to 22.5 J.l.m, and 
the total thickness was adjusted to approximately 30 J.l.m in order to obtain results comparable 
with previous single foil experiments using 33 J.l.m foils. The filters act as energy threshold 
discriminators keeping away from the target protons with effective ranges smaller than the 
:filter foil thickness. The penetrating protons lose a signi:ficant part of their energy in the :filter 
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In composite targets, the hydro
dynamic response of the energy 
deposition in the filter is separa
ted from the target by a gap. 
Protons penetrating the filter 
deposit their residual energy in 
cold target material generating 
a clear signal that can be inter
preted by an analytical model. 

but deposit their residual energy in cold material, and generate a clear hydrodynamic response 
( see fig. 5 ) which again can be analyzed by an acoustic approximation assuming the constant 
Grüneisen coefficient for cold material. In centrast to the above case of the beam front 
interaction where the proton range could be assumed constant, too, in experiments with filters 
the first protons reaching the target have energies close to zero (since they just succeeded in 
penetrating the filter) but then the range increases rapidly according to the voltage rise. 

To interpret these experiments, an improved analytical modelwas established allowing for 
the linear increase in time of both power density and range [7]. If the proton range, or the 
boundary of the energy deposition zone to the cold material, respectively, propagate at a 
subsonic velocity VR < Cb the particle velocity up should rise as long as the proton range 
increases. However, decompression waves starting from the free surface propagate at the bulk 
sound velocity cb which is approximately twice the range increase velocity VR::::;; 3.5 km/s in 
experiments with filters. As a consequence, the rise time is given by the oppositely directed 
effects of increasing energy deposition, and the advancement of the deposition zone into cold 
material on one side, and the decompression by material ablation on the other side. The proton 
range in the target is determined from the wave reverberation period !lt = 't2 - 't 1 ( cf fig 5 ) for 
the instant when the rarefaction wave coming from the rear target surface contacts the 
boundary of the energy deposition zone. This instant, and thus the proton energy, can be 
chosen by the appropriate target and filter thicknesses. The total proton range is determined by 
the filter thickness plus the range in the target. This method allowed to determine the range of 
1.35 MeVprotons in the hot aluminum ablation plasmatobe 5.6 mg/cm2 (2l~J.m). Keeping in 
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Fig. 5: 

Free surface· velocity profiles 
measured with different 
filter + target foil thicknesses . 
The two foils are hydrodyna
mically uncoupled by a 2 mm 
gap. The hot plasma shows an 
enhanced stopping power 
compared with cold material. 
The 22.5-~J.m-thick filter nearly 
absorbs all protons while the 
range corresponding to the 
peak energy in cold material is 
27 ~J.m. 
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Particle velocity profiles at the po-sition of 
the maximum range obtained from the 
analytical model for different range 
increase velocities v, normalized to the 
final velocity ur. The peak amplitudes 
depend on the power density increase rate. 
(1): VR < cb; (2) VR = cb; (3) VR > Cb .Curve 
(4) holds for constant, non-zero range 
corres-ponding to vR= oo . 

mind the experimental uncertainties and the simplifications of the model, this compares weil 
with the range of 1.53 MeVprotons of 6.1 mg/cm2 

( 22.5 jlm at normal density) found in 
transmission experiments ( cf. fig. 4). This latter value is significantly less than the range of 
7.3 mg/cm2 

( 27 !lm) given in tables for cold material and reflects the enhancement of the 
stopping power in hot matter. 

The analysis of the dependence of the velocity profile on the range increase velocity VR 

( see fig. 6 showing the normalized particle velocity in the position of the maximum proton 
range Ömax) gives a result that, at first, is somewhat surprising: the rise time of the velocity is 
finite for both sub so nie ( VR < cb , case 1 ) an d supersonic ( VR > Cb , case 3) regimes. Only if 
the range increase velocity e x a c t l y e q u a l s the bulk sound velocity ( VR = cb , case 2 ) 
the rise time becomes zero, that means a shock wave forms directly by the beam interaction. In 
single aluminum targets the rise times are 1-2 ns, and the pressure pulse has to propagate 
through a layer of 20-30 jlm of condensed matter before steepening to a shock front 
discontinuity. The time unit 't = Ömaxlcb chosen for fig. 6 is the wave transit time through the 
layer ofthickness Ömax· The beam target interaction starts at t= 0. Consequently, in case 1, and 
2, the first information about the onset ofthe beam interaction arrives in this position at time -r. 
In case 3, the velocity starts to increase at time t = ÖmaxiVR < 't and changes the slope upon the 
arrival, at time -r, of the release wave starting from the free surface of the energy deposition 
zone. Case 4 is the approximation for the interaction of the bunched beam front with a 
constant range Ömax considered above. The particle velocity ( in the position Ömax ) starts 
increasing as soon as the beam hits the target ( t = 0 ) until, at time -r, the decompression wave 
arrives from the free surface. 

The increase rate of the power density deduced from this model for filter-target
combinations give values dl/dt < 10"3 TWcm"2ns"1 that are by one order of magnitude lower 
than the values given above for the single target. The analysis also confirms that the particle 
velocity and pressure, respectively, not only depend on the power conditions but also on the 
proton range. The greater the range the Ionger pressure builds up at the boundary of the 
energy deposition zone, the material layer behind acting as a tamper. This Iead us to the 
iconcept for the improvement of the hydrodynamic efficiency presented in the next section. 

Because of the interest in the simulation of experiments [8] in which an ablatively 
accelerated aluminum foil impacts a thick window made of LiF single crystal showing nearly 
identical hydrodynamic behavior, some additional measurements were made varying the time 
ofimpact by choosing different initial gaps between the flyer foil and the window. 
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2.2. Hypervelocity launehing of composite targets 

Launehing projectiles to hypervelocities ( i. e. to velocities beyond the scope of military guns 
which is several km/s) is achallenging task inshock wave physics. In particular, the velocity 
interval between 10 and 20 km/s closing the gap between what can be achieved with 
sophisticated two-stage gas guns, and explosives-driven multi-layer arrangements, respectively, 
and the domain ofunderground explosions is ofinterest, and seems to call for new approaches. 
The impact offlyers at these velocities allows to generate pressures > 1 TPa ( 10 Mbar). 

On KALIFwehave launched 10 to 20-J..lm-thick aluminum flyers to velocities >12 km/s. 
However, the hydrodynamic efficiency, i.e. the ratio ofkinetic energy per cm2 ofthe projectile 
and ion beam energy input per cm2 is 1% with he Be-diode, and 0.5% with the appl-B-diode 

only. It is lower for the appl.-B diode because of the time delay of -10 ns needed to reach 
the design working point. As a result, the current carried by the bunched beam front is 
relatively small and induces a particle velocity which is by a factor of 4 smaller than with the 
Be-diode. On the other hand, the energy input is high enough to pre-heat and expand the 
energy deposition zone and thus reduce the Grüneisen coefficient. Therefore, the main energy 
deposition causes a smaller effect than in cold matter. 

The above analysis has shown that the ablation increases until the release wave caused by 
material ablation reaches the boundary of the energy deposition zone to the cold material. That 
means that the pressure can be increased by increasing the range. This can be achieved by 
increasing the ion energy or by a low-density target material. Although the specific energy 
deposition increases for low-density materials the achievable pressure is higher in high-density 
materials (cf. equ. 5, r = 1.5 + 3 for condensed materials ) for a given accelerator voltage and 
beam energy. On the other side, the pressure achievable with a given specific energy is 
determined by the reduction of the Grüneisen coefficient and, above all, by the drop of the 
density due to the material ablation. Finally, as follows from fig. 1, the acceleration results 
from the reverberation of compression and release waves between the free surface and the 
energy deposition zone which propagate at the bulk sound velocity cb. 

Keeping in mind all these details we conceived the following scheme of a triple layer target 
in order to improve the hydrodynamic efficiency ( see. fig 7). The ablator consists of a layer of 
polycrystalline diamond. This material has a comparatively high density of p = 3.51 g/cm3 and a 
very high bulk sound velocity ( cb ~ 12 km/s ). The thickness of 11 J.lm was chosen in order to 
stop completely 1.5 MeV protons, which are slightly slowed down by the tamper, inside the 
ablator. The diamond samples were fabricated by CVD-deposition on 0.5-mm-thick Si-wafer 
substrates of 3 0 mm diameter. The wafers were Iaser cut to four quarters, and the silicon 
removed by chemical etching over an area of - 4 x 8 mm2 in order to obtain free-standing 
diamond films ( office by H. Bachmann, Philips Res. Labs, Aachen). The films are smooth on 
the side on which they grew on the polished substrate and show 1-J..lm-roughness on the 
opposite side. The payload of 10 J.lm titanium was deposited on the smooth side by sputtering 
(Forschungsinst. f Edelmetalle u. Metallchemie, Schwäbisch Hall ). The method and the 
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Fig. 7: 

Tripie layer target combining a tamper 
with low particle velocity Up , an 
ablator with high bulk sound velocity 
cb, and a payload oflow porosity. 
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material were chosen because they are best suited to provide homogeneaus layers of nearly 
theoretical density. The gold tamper was applied in a vacuum vaporizer. The final thickness of 
~3 Jlm was much more than the initially intended value of "at least 2J.1m" due to the failure of 
the thickness gauge during the coating process. The two experiments we performed with these 
targets showed (see fig. 8) that the tamper thickness was definitely too large. The acceleration 
is steady, and in particular, does not show the steep jump caused by the bunched beam front 
with simple targets. The measured peak velocity of ~ 10 km/s looks promising ( cf. fig. 8 ). 
Upon impact, this flyer would induce a pressure of +2.3 Mbar in titanium and ~4 Mbar in a 
heavy materiallike gold. 

2.3. Dynamic tensile strength measurements at high strain rates 

The possibility to generate very short compression pulses in.solid samples, and to perform 

. #3855, Mg 875 J.!m, V0 =269 m/s 
.•••• :•:•,•,•Z:/'.._.·:····:·.· .. ;.·.······ '"''·.······:·:):jf::;·:··:···.•.• .. ••.•.• ...... ·.:····.·.:.;.:.::::::: .. ;.: ... ;:.·:·:·:····.._. .. :•.•.·.;.•.;.;.,,,._._.; ... .._. .. ; ..... •.;:•.• 
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Fig. 9: Spalling of a magnesium sample across a grain boundary. The picture on the left 
shows a close-up ofthe sample with the measuring line indicated. Depicted on the right 
side is the 2D-ORVIS record, showing spall pulses of different lengths in the upper and 
lower crystal grains, indicating different tensile strengths due to different orientations 
relative to the strain normal to the surface. 

-90-



1 

polycristalline !:::.. 
( expl. exp.) 

two grains o 
(KALIF #3855) 

0 

0 

o.~L-o3__._ ....................... .w.J1~L--~~ ..... 1c.&.bo-5.....-~~1..~.o_6 ~~~1 o7 

strain rate [s"1
] 

Fig. 10: 

Spall strength of 99.95 magnesium 
as a function of the strain rate. 
Comparison of the results obtained 
on two millimeter-size adjacent 
grains on KALIF in the experiment 
shown m fig. 8 and on poly
crystalline material using explosive 
loading ( courtesy G.I. Kanel ). 

free surface velocity measurements with high temporal resolution provides a unique 
opportunity to study the strength of materials under nanosecend load duration. The dynamic 
tensile strength is measured by the analysis of spall phenomena under shock pulse action. 

Spalling is the process of intemal failure or rupture of a body due to tensile stresses 
generated as a result of the reflection of a short compression pulse from a free surface of the 
sample. The reflected wave is a stress wave running back into the material thereby increasing 
its amplitude until the failure threshold is reached. The stress amplitude leading to fracturing, 
the so called "spall strength", can be unambiguously determined from the free-surface velocity 
profiles as detailed in the 1994 report [9]. 

The characteristic thickness of the fracture zone at nanosecend load durations is comparable 
with or probably even less than the grain size of the sample. Consequently, it is interesting to 
perform measurements on homogeneaus specimen like single crystals. They are largely free 
from various stress concentrators that can be darnage nucleation sites in usual materials. The 
investigation of spalling of single crystals therefore provides information about the conditions 
of darnage nucleation on a structure level close to ideal crystal structure and is of fundamental 
interest in physics of strength. This is why we performed tensile strength measurements on 
single crystals in earlier experiments [ 1 0, 11]. 

On the other hand, there is also an interest in understanding the failure mechanism in 
polycrystalline bulk material. With our spatially resolving velocimeter we have demonstrated 
for the first time that the tensile strength of polycrystalline materials shows a clear spatial 
variation [9]. 

To investigate in more detail the spall process in the vicinity of a grain boundary magnesium 
samples with grain sizes of the order of millimeters were investigated. The sample thicknesses 
were in the range of 0. 8 mm. Since the amplitude of very short shock waves generated by the 
impact of 10-30 11m thick foils would significantly decay on passing through a sample ofthat 
thickness we used the compression wave generated by the direct beam interaction. In fig. 9 a 
macro picture of a Mg sample showing a grain boundary is displayed together with the 
spatially resolved ORVIS record ofthe spall process. The velocity decrease in the time interval 
from 15 to 50 ns - recognizable by the negative slope of the interference fringes - is due to the 
build-up of tensile stresses which form after the reflection of the initial pressure wave at the 
free boundary. This deceleration is stopped when the material disrupts. Obviously, that 
happens at different tensile stresses in the two crystal grains, the grain boundary being a 
boundary for the rupture process, too. 

The tensile strengths determined from this measurement is displayed as a function of the 
strain rate tagether with data obtained by the explosive loading technique on polycrystalline 
samples in fig. 10. The increase ofthe spall strength with the strain rate is due to the fmite 
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relaxation times of the darnage proeesses leading to rupture. The relaxation length of the stress 
wave is several rnillimeters in explosive driven experiments and thus mueh smaller than the 
grain size. Sinee, in partieular, grain boundaries aet as darnage nucleation sites the spall 
strength is smaller in this material. Single erystals are largely free from imperfeetions and show 
higher spall strengths. The differenee in the two grain is probably due to the different 
orientation of the lattiees relative to the plane of the stress wave. 

3. Conclusions 

In the report period, one experimental earnpaign was eondueted investigating bearn-target 
interaetion issues with eomposite sarnples, hyperveloeity launehing of triple-layered targets, 
and the spatial variation of dynamie tensile strength of eoarse-grained sarnples aeross single 
grain boundaries. The bearn-target experiments have improved our understanding of the main 
faetors goveming the ablative aeeeleration and the state ofthin flyer plates and will help us to 
optirnize the launehing proeess for applieations in the rangebeyend 10 km/s. This would open 
the possibility to investigate, by impaet experiments, the state of matter in the 100- to 1000-
GPa-range. For the first time, we measured the spall strength aeross a grain boundary. We 
found that, on our time seale, the rupture does not eross this border. The investigation of the 
ICF-related issue of the development of hydrodynamie instabilities during the ablative 
aeeeleration is seheduled for the next earnpaigns. 
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Abstract 
Wehave analysed foil acceleration experiments performed at KALIF. The 
available equation of state data can not describe these experiments 
satisfactorily. Therefore, we have formulated an equation of state in Mie
Grüneisen form. This equation of state describes these foil acceleration 
experiments as weil as the available shock compression data. The 
parameters of this equation of state are given in this report. 

1. Introduction 

The dynamics of foil acceleration experiments performed at KALIF with the B'l'}
diode[l,2] were analysed previously and reported in the last years annual report[3]. It 
was found that the newly determined temporal behaviour of beam parameters[4] give 
an adequate replication of the observed rear-surface velocities if uncertainties in the 
equation of state data are taken into account. KALIF experiments are sensitive to the 
equation of state data of dense plasma in the region of a few lü's of eV. This is the 
region of strongly coupled plasma. In the present paper we analyse the implication of 
these experiments on the equation of state data. We present results of our semi
empirical equation of state formula and compare it with other available equation of 
state data. 

2. Mathematical Model and Calculations. 

Calculations were performed by solving the Euler equations of motion using the 
Godunov method in a moving grid. The beam energy was coupled to the target using 
the wide range energy deposition formula developed by Polyschuk[5]. Radiation 
transport was performed in conduction approximation. The details of the 
mathematical model and calculations are given elsewhere[3,6]. In the followings we 
concentrate on the equation of state data. 

It is seen in figure 1 that the results of calculations using SESAME [7] and Bushman 
et al. [8] EOS tables do not reproduce the experimental data adequately[3,6]. There 
are two main disagreements. 

1) The duration of the first step in the velocity evolution does not agree with the experimental 
observation and depends on the equation of state used. This duration should correspond to 
the shock reverberation time in the unablated part of the target and should depend on the 
sound velocity in the cold material only. In a hydrodynamic code the matter is kept tagether 
or expands depending upon the value of the pressure inside the material. To prevent 
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material expansion before melting the lattice binding energy can be represented as negative 
pressure. In the SESAME equation of state table this negative pressure is present. 
However, to obtain accurate data between the tabulated points logarithmic interpolation is 
required and thus negative pressures are truncated. 

2) The disagreement between calculation and measurement is !arge for the time interval 
between 10 and 20 ns. At these times the density of the target is reduced by more than an 
order of magnitude and the temperature increases beyond 10 eV. These states of matter 
correspond to the region of strongly coupled plasma and the uncertainty in EOS models in 
this region is !arge. 
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Figure 1: Comparison of experimental (symbols) and calculated rear surface velocities of 50 
11m and 75 11m aluminium foils ablatively accelerated by the KALIF proton beam. 
Simulations are carried out using SESAME and Bushman EOS data. 

To rectify this situation we formulate a semiempirical EOS model in a generalised 
Mie-Grüneisen form that contains several fitting parameters. It weil describes the 
experimental data of shock compression of solids in the pressure range up to several 
megabars. Adopting the usual procedure, the internal energy of matter is divided into 
two parts. The cold energy Ec is a function of density only. The thermal component 

of the energy Et is a function both of temperature (internal energy) and density. We 

use (p,p) variables. 

E(p,p) = Ec(P) + Et (p,p) (1) 

To describe the Hugoniot data for solid matter we choose for the cold pressure the 
conventional form (Bushman et al. [8], Eliezer et al. [9] ): 

5 

Pc(P) = 2>io(i13
+I)' 

i=l 
2 

Pc(P) = Pocso (on _0m), 
n-m 

o:2:1 (2) 

8:::; 1 (3) 
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where Ö= plpo, and p0, and Cso are the normal density and sound velocity, respectively. 
Coefficients ai are found by solving the system of linear equations that ensure the 
properties of material under normal conditions and by using the Thomas-Ferrni-Dirac 
model at high compression. The cold component of the total pressure strongly 
dominates the thermal component in shocked states of solid matter up to several 
megabars. The thermal pressure is related to the thermal energy through the 
Grüneisen parameter r, which is a function of energy and density 

Pt =T (E,po) Et p. (4) 

po/P 0 0:0 
2 1 

3 

1 + E/Eo 
0.5 1.0 

s 4 

1.0 
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i- -Below 0.068 
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Figure 2: Grüneisen parameter as a function of specific energy and density for 
aluminium calculated with coefficients are give in Table 1. 

The following dependence of the Grüneisen parameter on the internal energy is used. 

T=T() +T(p) 0 -T(pL 
Poo l+(EIEo)a 

(5) 

Here E0 and a are fitting parameters. To describe the asymptotic behaviour of r in the 
limit of high compression (Fermi gas) and expansions (ideal gas) we choose both 
functions r 0 and roo having an asymptotic value 2/3 for p -7 00 and p -7 0. 

2 ( 2) 2 r(p) =-+ r --
o 3 s 3 (Po I p + p I Po ) ' 

(6) 
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(7) 

where Fs is the Grüneisen coefficient at normal conditions, ß and ~ are fitting 
parameters. To fit the parameters Hugoniots and unloading isentropes of solid and 
porous aluminium were analysed in the pressure range up to 2 Mbar. An additional 
constraint was that in the plasma region these parameters should give reasonable 
agreement between the results of experiments and calculations. The Grüneisen 
parameter as a function of specific energy and density is shown in Fig. 2. 

Table 1. Coefficients for the calculation of Grüneisen parameter for aluminium . 

a ß Eo Ymin Ys ~ 
1.1 0.02 30 kJ/g 0.2 2.1 0.1 

al a2 a3 a4 as n m 
-15009.612 51732.56 -66509.87 37631.99 -7845.07 3.5 1.93633 

3. Results 

Results of numerical simulations using the analytical EOS with parameters presented 
in Table 1 are shown in figure 3 together with the experimental data for foils of 
different thickness launched by the ion beam. The EOS is able to describes all 
experiments with aluminium foils of different thickness. 
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Figure 3: Simulation results for different foil thicknesses using analytical equation of state as 
described in the text. Satisfactory agreement between experiment and simulation is observed. 
This is a large improvement against the results of obtained with other equations of state. 

-96-



CO 
-J 

.. ,· ... 
Eos 1~:·· -... __ our 

r.J- ---- Bushman ro 
1
rf ~ -- ... 1u .......... SESAME a_. . ] '~ -... ro ~ a.. ,__, 

'" ·-. Q.) '-' 10
1 

'' '··. L-. 
....._. ',_ '··' ::J 1 

Cl> ',_ Cl) 10. 
L-. Cl) ~ Q.) 
00 L-. 

~ 1~ a.. 
L-. •. 0 

c.. ---'-"··• 10 
10_, J ---~ ~ 17 eV 

-1 

1 9 eV 1 1 I I I II I I I 2*10 . o 

10
1 2>+=10-2 1 I I I I I Ii( 1 1 I I I I I lll_z 1cT 10 

1~ 10 1u 
pOjp 

Figure 4: Pressure as function of density 

calculated with different EOS models at dif

ferent temperatures, (a) 9 e V (b) 17 e V and 

(c) 25 eV. 

1cJ "'-. 

.-. 
ro 
& 1d ,__, 

~ 
::J 
Cl) 

~ 1d 
L-. 

a.. 

1cf 

'~·., 
' -.. ....... " -., 

':-... ·· .. , .. 
.. -.., 

ourEOS 
Bushman 
SESAME 

1cf 
pOjp 

· . 

ourEOS 
Bushman 
SESAME 

... 

... 

... 

... ... ... ... ... ... ... ... ... ... ... 

1cJ 

3•10_, 1 25 eV ·-••• 

cf 

' ' - ., 

1 

''""' ,· .. I 1 I ', ...:. 
111111 ,· I I ' I II 111( I I 

1ä 1cJ 



In figure 4 we compare the pressure calculated with our equation of state with that 
given in SESAME and Bushman tables as a function of density for a few selected 
temperatures. It is seen that our data are between those of SESAME and Bushman. 
Near the solid density they are closer to Bushman's data whereas for low densities 
SESAME data seem to be more appropriate. 

4. Conclusions 

Wehave analysed the foil acceleration experiments performed at KALIF using the B-a
diode. The analysis provides information on the equation of state in the region of 
strongly coupled plasma. In this region experimental information is scarce and 
theoretical models have large uncertainties. We have postulated an equation of state 
formula in the Mie-Grüneisen form. The pressures calculated with this equation of 
state formula in the region of interest are between the tabulation of SESAME and 
Bushman. The accuracy of the equation of state determined by this method depends 
on the accuracy of beam parameters. Improving accuracy of beam parameters will 
also improve the accuracy of equation of state data. The main uncertainty in the beam 
parameter is the value of peak power. From our experience in analysing different 
experiments with the same beam parameters i.e. assuming complete reproducibility of 
KALIF and diode operation we conclude that the uncertainty in the beam parameters 
may be less than that given in [ 4] and is of the order of 10-20%. 
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SLOWING DOWN OF AN ABLATIVELY ACCELERATED FülL AFTER 
IMPACT ON A STATIONARY TARGET 

H. Marten, B. Goel, W. Höbel 
Institut für Neutronenphysik und Reaktortechnik 

Recently, Baumung et al. (1995) observed a nontrivial slowing down of an ablatively 
accelerated alumirrum foil striking a non-moving LiF crystal. We analyze these exper
iments using a radiation-hydrodynamic code. Isolating different involved phenomena 
we conclude that the behaviour observed in the experiment is caused by the radia
tive transport of heat energy from the hot ablated plasma into the cold accelerated 
alumirrum flyer. 

1. Introduction 

In foil acceleration experiments performed with the high-valtage pulsed power generator KALIF, 
intense proton beams generated in the ion diode are used to irradiate thin foils, thus generating 
ultrahigh pressures of up to 60 GPa in condensed matter. Once the proton beam starts depositing 
energy inside the foil, a part of the matter is ablated and heated to high temperatures. The 
high pressure of this plasma then drives a compression wave into the remairring solid and cold 
part. At the rear surface of the target (interface between solid state and vacuum, the so
called "free surface" ) the compression wave is refl.ected as a release wave running back into the 
target, the release wave is refl.ected at the ablation-plasma boundary as a pressure wave, and so 
on. Experiments as well as numerical simulations show that these wave reverberations in the 
condensed part of the foillead to a stepwise increase of the targets rear-surface velocity (Fig. 1), 
and ablatively driven velocities of up to 12km/sec have been measured in these experiments. 

0 1 0 20 30 40 50 60 70 80 90 1 00 
time [ns] time [ns] 

Figure 1: left: Evolution of the numerical cell boundaries in the reference frame of the targets 
rear surface (from a 1D-Lagrangian simulation of a beam-target interaction with a beam im
pinging from the top). Note the periodically refl.ected waves reaching the free surface at about 
9, 26, 44, ... ns. right: Velocity of the targets rear surface in the observers frame for the same 
model. 

Recently, Baumung et al. (1995) presented velocity measurements of an ablatively accelerated 
alumirrum foil striking a stationary target. In these experiments, a laser-Doppler interferometer 
records the rear-surface velocity of the Al-foil of 71 fl,m initial thickness through a non-moving 
LiF-window (thickness about 5 mm) initially placed at a pre-defined distance behind the Al-foil. 
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time [ns] 

Figure 2: Measured velocity of an ablatively accelerated Al-foil striking a stationary target at 
about 55 ns (Baumung et al. 1995). The dashed curve is a simplified theoretical model for the 
impact of two cold foils (see text). 

The collision of the Al-flyer with the LiF-foil generates two compression waves propagating into 
both materials and leads to a typical velocity signalas shown in Fig. 2 at about 55 ns. Because 
of the nearly identical dynamic properties of the two materials the ftyer velocity first drops to 
ab out one half of its impact velocity, remains almost constant until the pressure wave generated 
in the ftyer reaches the ablation-plasma interface, and finally starts to drop. The dashed curve 
shown in Fig. 2 is a simplified model of a collision of two "cold" targets, i.e. the collision of two 
cold foils with an impact velocity taken from the experiment and a ftyer thickness of 48.5 f-Lm 
(= initial thickness minus range of 1.5 MeV-protons). Compared to the experimental results of 
Fig. 2, two remarkable differences are noticed: In the experiment the "velocity plateau" after 
the impact is shorter and the decrease of the "velocity tail" is less steep than expected from the 
cold-target estimates. In the following sections, these differences are examined in more detail 
by numerical simulations performed with the hydrodynamic code KATACO (Goel et al. 1993). 

2. Model Calculations 

2.1. The influence of the phase of the pressure wave at impact 

Since the wave reverberation inside the cold part of the Al-foil is a quasi-periodie phenomenon, 
as seen from Fig.1, with the period slightly changing in time due to changes of the target 
thickness, one may define a phase of the pressure wave, if;, starting with cf; = 0 at that time when 
the pressure wave just reaches the targets free surface. Numerical simulations have shown that 
the "velocity plateau" after the target impact is in generalnot as ftat as found in the experiment, 
but shows a structure which depends on cf; at the time of impact. Fig. 3 shows two computed 
velocity signals after the impact at two different phases. In model A (impact at cf; = 0), the 
rear-surface velocity of the ftyer drops to about one half of the initial value but soon increases 
by about 1 km/sec due to acceleration by the just arriving pressure wave. In model B (impact 
at cf; = 1r) the arrival of the pressure wave at the rear surface is seen as a velocity hump near the 
end of the plateau. Also, the length of the plateau is somewhat increased in this case. In an 
experiment it is difficult to control the phase of impact. Nevertheless, from our simulations we 
can estimate that in the experiment shown in Fig. 2 the impact took place at about cf; = 0.1· 27r. 
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Figure 3: Simulated velocity evolution of the LiF-Al interface after the impact at two different 
phases of the pressure wave (A: cp = 0; B: cp = 1r). In the inlet, the moments of impact for the 
two models are shown within the velocity curve of a free flying target. 

time [ns] time [ns] 

Figure 4: KALIF beam power and beam energy at the target as a function of time. 

2.2. The infiuence of the proton beam and of the hot-plasma pressure 

In Fig. 4, the KALIF beam power and energy are plotted as a function of time. According to 
Fig. 2, the target impact in the experiment took place at about 55 ns after the beam onset, i.e 
about 20 ns after the beam-power maximum. In order to check whether the remairring beam 
pulse infiuences the further evolution of the target velocity, two impact calculations are compared 
in Fig. 5, one following the full KALIF-beam history, and a second one in which the beam has 
been switched off at the time of impact. Obviously, there are no significant differences in 
the velocities of both cases. Due to range shortening effects, but mainly due to the decreasing 
particle-beam energy after the beam-power maximum, the protonrangein the plasma decreases 
so that the energy deposition-zone moves into the ablated plasma, away from the accelerated 
(solid) part. The relative velocity between the solid Aland the energy deposition-zone becomes 
even larger than the signal velocity in the ablated plasma so that the pressure information 
generated by the energy deposition is not able to reach ( and thus further accelerate) the Al
flyer. Consequently, details on the temporal behaviour of the beam profile after about the 
beam-power maximum do not influence the velocity of the foil after impact any more. Similar 
results have also been found by Goel & Vorobiev (1996) for a free flying target. The dashed 
curve in Fig. 5 represents the simulated velocity signal after the impact of two "cold" targets. 
In cantrast to the previously discussed models, no "velocity tail" is seen in this case since there 
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Figure 5: Velocityevolution of the Al-foil after impact at t = 45 ns. Straight line: including full 
history of the KALIF beam according to Fig. 4; dotted: beam switched off at impact; dashed: 
simulated impact of two cold targets ( c.f. Section 1). The dotted curve has been shifted by 8 ns 
for the sake of clarity. 

is no plasma exerting the Al-foil. Recalling that the beam after the beam-power maximum 
is unimportant for the target velocity we can conclude that the "velocity tail" observed in the 
experiment is due to the pressure of the hot plasma generated before the beam-power maximum. 

2.3. The infl.uence ofthermal conduction 

In contrast to the experiments, the computed "velocity plateau" in simulations including the 
full KALIF-beam history has about the same length as in the cold-target impact, and the de
crease after the plateau in both cases takes place within about the sametime (Fig. 5). A shorter 
velocity plateau after impact can in principle be achieved when the thickness of the remairring 
solid Al-foil is reduced by additional evaporation of matter beyond the proton range, e.g. by 
thermal conduction. In order to correctly consider the thermal conductivity in solids, new ther
mal conduction coeffi.cients according to Bespalov & Polishchuk (1989) have been implemeted in 
KATACO, with an additive correction accounting for the measured value of ~"Al= 223 W /Km at 
normal density. Fig. 6 demonstrates the enormeaus improvement ofthermal conductivities com
pared to the values of Spitzer (1965) used in earlier calculations and which are strictly valid only 
in the range of high temperature plasmas. Nevertheless, the comparison of impact calculations 
with and without thermal conduction in Fig. 7 shows that this process is not responsible for the 
observed reduction of the target thickness. Thermal conduction is of only minor importance in 
these experiments. 

2.4. The infl.uence of radiative transfer 

A second process that can reduce the thickness of the cold Al-foil by additional evaporation is due 
to heat transport by radiation. KATACO contains a formalism for multi-angle, multi-frequency 
radiative transfer. In these calculations we used 2 angular directions and 10 frequency intervals, 
with Planck-mean emission and absorption coeffi.cients calculated with the code EOSOPC (Ping 
Wang 1993). In Fig. 8, the resultant velocities are compared for simulations with and without 
radiative transfer, the corresponding model structures at the time of impact (t = 65 ns) are 
shown in Fig. 9. Indeed, the additional transport of energy by radiation from the hot plasma 
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Figure 6: Ratio ofthermal conduction coeffi.cients of Bespalov & Polichshuk (1989) to those of 
Spitzer (1965) in a wide range of densities and temperatures (for aluminum). 

50 60 

time [ns] 

70 80 70 80 
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90 100 

Figure 7: Comparison of impact calculations with (dashed) and without (straight lines) thermal 
conduction. left: velocity histories for impacts taking place at t = 45 ns. right: impact at 
65 ns. 
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Figure 8: Computed target velocity as a function oftime (impact at t = 65 ns) including radiative 
transfer ( dotted), without radiative transfer (straight line) and for the impact of cold targets 
(dashed). 
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Figure 9: Temperature and density structure of models with (dashed) and without radiative 
transfer (straight lines) at the time of impact (t = 65 ns). 

to the cold region leads to an evaporation zone ( with a thickness increasing in time), which is 
seen in the temperature structure of Fig. 9. This results in an earlier reflection of the pressure 
wave generated at impact and thus in a shorter plateau of the rear-surface velocity (Fig. 8). 
The additional pressure of the evaporation zone retards the slowing down of the alumirrum foil 
and leads to a less steep decrease of the velocity tail (t < 72 ns in Fig. 8), as observed in the 
experiment. Furthermore, the pressure of the evaporation zone reduces the density gradient at 
the ablation boundary so that any reflection of a compression or a release wave becomes less 
definit. As a result, the steps in the target velocity already become rounded before the impact 
takes place (Fig. 8). This behaviour is observed in the experiments as well (c.f. Fig. 2). 

3. Conclusions 

According to Section2.1, the impact experiments depend on the phase of the pressure wave 
inside the solid part of the flyer at the time of impact. Since the latter is a complicated function 
of the initial distance d between the flyer and the impactor, as well as of the targets velocity 
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evolution which in turn is infiuenced by the targets equation of state (Goel & Vorobiev 1995), 
impact experiments at a definite phase are difficult to perform and the corresponding necessary 
initial distance d can only be found either by trial and error or by previous numerical simulations. 

One of the most important assumptions for the interpretation of KALIF experiments is 
the reproducibility of the proton beam. In this respect, the results of Section 2.2 which have 
shown that details on the temporal behaviour of the beam history ajter about the beam-power 
maximum do not infiuence the velocity of the ablatively accelerated foil, are of major importance. 

While thermal conduction was found to be unimportant for these experiments, radiative 
effects are not negligible. This is somewhat surprising at a first glance. The usual argument for 
neglecting radiation in numerical simulations comes from a comparison of the radiation energy 
with the thermal energy content. In the hot plasma generated by the KALIF-Be diode, the 
radiation energy is about 7% of the thermal energy content, and it might be enticing to neglect 
this "small fraction". However, radiation has always to do with transport of energy from a 
hot plasma into cold matter, where suddenly the situation may become just the opposite. It is 
this effect which significantly reduces the final thickness of the solid fiyer in these experiments. 
A more detailed study of radiative processes with higher numbers of angluar directions and 
frequency intervals is just under development. 
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Temperature Measurement for KALIF Targets by Soft X-Ray Spectroscopy 

G. Meisel, H. Bluhm, P. Hoppe, R. Hüttner, D. Rusch, E. Saenger, T. Schön, J. Singer 

The Ka radiation emitted by Al and Mg targets upon interaction with the 
KALIFproton beam was spectroscopically investigated. From the time inte

grated spectra peak temperatures of z] 0 e V and z20 e V are estimated for the 

Be diode and the Bappl diode, respectively. To allow for time resolved ab
sorption experiments, a Zaser sytem was set up to generate soft x-rays to be 
used as backlighter. The system and its properfies are described. First results 
of las er induced x-ray spectra are given. 

1. Introduction 

The high specific power deposition of 50 to 200 TW/g [1] as obtained in the focus of the 
KALIFproton beam allows one to generate a dense plasma in the kT = 10 .... 20 eV range [2]. 
The temperature thus obtained can be determined by measuring high resolution Ka x-ray spec
tra of low Z elements contained in the plasma [3]. The temperature information essentially is 
contained in the satellite pattem that reflects the relative population of the different ionization 
and excitation states of the atoms inside the plasma. To get a uniform energy deposition in
side the target, thin foils with subrange thickness were bombarded by the KALIF beam. Both 
spectroscopic alternatives, emission as well as absorption, were applied [4]. The emission 
scheme is less complicated to realize than absorption experiments; emission, though, gives 
only time averaged temperature information whereas absorption allows to perform time 
resolved experiments. 

To evaluate the observed spectra with respect to the plasma temperature, calculations are re
quired that give the spectra as function ofvarious plasma parameters [2]. The plasma tempera
ture basically is determined by comparing the detailed satellite structure of the observed spec
trum with the calculated ones. 

2. Emission Spectroscopy 

2.1. Experimentaldetails 

The spectrometer setup requires flat Bragg crystals that can be rotated to define the wave
length region of interest. The spectrometer was equipped with two crystals that can be rotated 
independently. Cleaved RAP and KAP crystals [5] were used for /... = 0.8 to 1.6 nm in our ex
periments. The dispersed x-ray radiationwas recorded on x-ray Kodak DEF-2 film [6] which 
was developed in Kodak GBX solution. 

The spectrometer was placed inside a light-tight housing to avoid unwanted film exposure. A 
2 f.tiD thick mylar foil with 0.05 f.l.ID Al coatings on both sides (Type B(IO HH) by Alexander 
Vacuum Research Inc.) was used as x-ray entrance window. We found this foil sufficiently 
light tight; the soft x-rays of interest were only slightly attenuated · by this window. The 
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exposed films were scanned by a microdensitometer which outputs a film optical density = 
10log (1/transmission) which is roughly proportional to the x-ray flux at the film position [6]. 

The quality of the spectrometer crystals was tested by recording soft x-ray spectra emitted 
from a laser induced plasma (see below, 3.1.). Both, the RAP as weil as the KAP crystals 
were found to be similar in reflectivity and resolution. The ultimate resolution was determined 
tobe about 1000 for both materials. 

The spectrometer was mounted in a separate vacuum vessel that was attached to the KALIF 
diode chamber. The debris problern was solved as described recently fortheBe diode [4]; it 
was found that the same debris protection is also sufficient for the Bappl diode. A permanent 
magnet was added to remove charged particles. The hard x-ray radiation from the KALIF 
diodes required some lead shielding to reduce it to a tolerable level. 

The Al targets used so far were foils of 2 ~-tm and 6 ~-tm thickness. Magnesium targets were 
made by vacuum deposition of Mg metal onto 2 ~-tm thick Al films as carrier. The same ap
plies to NaF. 

2.2. Results 

Spectra were taken with the Be diode for Al, Mg, and NaF targets. With the Bappl diode spec
tra were recorded forAland Mg only. The x-ray emission for NaF targets with thickness up to 
12 ~-tm was found to be too weak to be recorded with the present equipment. 

optical film density 

0.5 

Bappl. diode 

AII-lV Al V Al VI Al VII 

x-ray energy [keV] 

1.48 1.49 1.50 l .51 1.52 1.53 

Fig. 1: Ka emission spectra for Al targets of 6 pm thickness as obtained with the two different 
KALIFdiode types. The background results from film fog and hard x-ray radiation. 
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Fig. 1 gives the spectra obtained for 6 ~-tm thick Al targets as obtained with the two different 
KALIF diodes. Both spectra show a streng low energy component which is emitted by neutral 
and weakly ionized Al atoms as is deduced from calculations [7]. The higher energy compo
nents are composed of many lines emitted by high er ionized Al as is indicated in figure 1. Ob
viously, the Bappi diode produces higher ionization states indicating that the plasma reaches a 
higher temperature for this diode as is expected from its emission characteristics. 

intensity 
[arb. units] 

0.5 

kT= 10 eV 

Al I-IV 

or---~~--------------------; 
kT = 15 eV 

0.5 A!V 

kT=20 eV 

0.5 
Al VI 

kT=25 eV 

0.5 

1.48 1.50 1.52 1.54 x-ray energy [keV] 

Fig. 2: Calculated Ka emission spectra for Al targets of 0.2 Jlm thickness for different fixed 
temperatures [8]. Fora direct comparison with the experiment the temporalas well as 
the spatial variations of the temperature have to be taken into account. 

A more detailed discussion of the observed spectra required a corresponding full calculation 
for different temperatures, also including the appropriate temporal and spatial averaging cor
responding to the experiment. Such full calculations are not available at present. There are, 
however, results for fixed temperatures [8] (t1g. 2). It is not surprising that none ofthem fits to 
the observed spectra. The calculations nevertheless allow some conclusions conceming the 
peak temperatures: The highest ionization states appearing in the two experimental spectra are 
Al V for the Be diode and Al VII for the Bappl diode. From this we estimate that the peak tem
peratures reached for the two diedes are ::::::13 e V and ::::::23 e V for Be and Bappb respectively. 

Since 6 ~-tm is a rather large target thickness, we have also investigated the influence of the 
target thickness on the spectrum. Fig. 3 gives a comparison of the results for 2 ~-tm and 6 ~-tm 
thick targets. It demonstrates that the emission intensity is doubled for a threefold target thick
ness, i.e. there is some self absorption, though it is not extremely streng. It also shows that the 
self absorption for all ionization groups is about the same under our experimental conditions. 
These findings require more detailed experimental as well as theoretical work. 
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3•1o7 6°107 Flux Al I-IV 

Flux AII-lV [erg/(Ä*cm2)] 
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Al V 
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o.o .L...U.--+-.........;.. ____ .........._ __ __...,........;...-1. 0.0 "'----+---.......... --....,._ ____ -l. 
8.20 8.25 8.30 8.35 8.20 8.25 8.30 8.35 

Wavelength [A] Wavelength [A) 

Target: 2 Jlm Al Target: 6 Jlm Al 

Fig. 3: Ka emission spectra for Al targets of 2 pm (left) and 6 pm (right) thickness as obtained 
with the Bappl diode. Note that the ordinates differ by afactor of2for the two curves. 

A Mg spectrum is given in Fig. 4; its structure is similar tothat one found for AL In compari
son with the corresponding Al spectra it is weaker by about a factor of two. This still is in 
agreement with a rough theoretical estimate [9]. Comparative calculations for Al and Na [7] 
predict slightly lower fluxes for Na resulting in a signal on the filmthat is down by a factor of 
3. Ifwe assume an additional overall uncertainty factor oftwo, the Na signal might be barely 
visible under our present instrumental conditions. Further investigations are required to clarify 
the reason why no Na signal is observed. 

9.70 9.75 9.80 9.85 9.90 9.95 

Wavelength [A] 

Fig. 4: Ka emission spectrum for a Mg target of 6 pm thickness (with 2 pm Al backing) as 

obtained with the Be diode. 
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3. Absorption Spectroscopy 

3.1. Experimental details 

The absorption scheme requires a backlighter source that emits a soft x-ray continuum in the 
respective Ka region. A laser generated plasma is used for this purpose. Therefore a laser 
systemwas installed (see fig. 5). It has a Q switched Nd:YAG oscillator which is seeded from 
a single mode cw Nd:YV04 laser suchthat its output is a single frequency pulse of 200 mJ at 
1064 nm. It operates at a repetition rate of 10 Hz. The oscillator pulse duration is about 7 ns. 
The oscillator output is amplified in three Nd:Glas amplifiers. At the 3rd amplifier output the 
pulse energy reaches 10 to 15 J. The output beam diameter is about 28 mm. The amplifier can 
be fired every 5 minutes. The output beam is frequency doubled in an KD*P crystalleaving a 
pulse energy of 4 to 8 J at 532 nm. Its duration is about 7 ns, too. 

KD*P frequency doubler 2nd ampl. stage 3rd ampl. stage 2nd beam expander 

output 
-1111-·-·-· 

beam 

Faraday isolator seed laser Nd:YAG oscillator 1st beam expander 1st ampl. stage 

Fig. 5: Schematic diagram ofthe Iaser system. The output ofthe seeded Q switched Nd: YAG 
oscillator is a single frequency pulse of 7 ns duration. It is amplified in 3 stages and 
frequency doubled in a KD*P crystal. 

To prepare experiments with KALIF, a synchronization of the laser system with the KALIF 
pulse generation was set up. A special feature of this device is that the laser system and 
KALIF interchange their role as far as their master/slave relation is concemed. The reason is 
that the laser oscillator has to run at its 10 Hz rate to enable the seeding feedback system to 
operate and to assure the thermal stability of the laser. Thus the KALIF discharge procedure is 
triggered ( after appropriate delay) by the last oscillator pulse before the one which is to be 
amplified and focussed into the KALIF chamber. The trigger delay is chosen suchthat the 
next oscillator pulse (which is 100 ms later) coincides to within a few ~s with the arrival of 
the KALIF shot at the diode. Thereafter KALIFtakes over as master, i. e. the light from the 
spark gap of the intermediate switch drives an electro-optical device which in turn triggers the 
Q switch driver ofthe laser oscillator. 

3.2. Results 

The output beam was focused onto different targets to generate a plasma. The radiation emit
ted by the plasmawas analyzed by the x-ray spectrometer. As an example, fig. 6 gives a spec-
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trum with many lines that was obtained from a copper target. The widths of the narrowest 
lines in this spectrum were used to determine the spectrometer resolution to be about 1000 
(see above, 2.1.). 

0.4-r~--~~~--~~-r~--~~~~r-~-r~--~~-r~--, 

0.2 

optical film 
density above fog 

o~--L-~~--L-~~--~~-L~--~-L~--~-L~--~~~~ 

0.82 0.84 0.86 0.88 0.90 
wavelength [nm] 

0.92 

Fig. 6: Emission spectrum from a Iaser induced copper plasma. The Iaser beam had an 
energy of 5.4 J; the Zens focallength was 500 mm. 

In the same way the Ma spectra for the oxides of Ce, Dy, and Gd were recorded in the spectral 
range where Na has its Ka lines. The spectra were relatively weak, showing some line struc
ture, so the search for a good backlighter material is continuing. 

Tests with the laser/KAUF triggering device revealed that the overall jitter of the laser syn
chronization is ±12 ns. The main contribution to the jitter is from the light output function of 
the KALIF spark gap which is only loosely correlated to the electrical switching function. 
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Fig. 7: The effect of Iaser defocussing on the backlighter source diameter and on the x-ray in
tensity as obtained from pinhole images. 
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An important parameter of the backlighter source is its diameter since it can be a resolution 
limiting factor. Pinhole camera images were taken to determine the source size and how criti
cal it depends on the focussing. To ensure that only x-rays reach the film, two layers of pro
tecting foil (2 11m mylar with two 0.06 11m Al coatings each) were used as filter. It was found 
( cf fig. 7) that tighter focussing leads to high er x-ray intensities, but the source diameter in
creases, too. However, for the diameters observed for tightly focussed pulses the source size 
allows for sufficient resolution. 

4. CCD soft x-ray detection 

The x-ray film material used so far has two essential drawbacks: The film fog represents an 
optical density of about 0.2 which increases with storage duration. Thus the minimum detect
able intensity is severely limited, as was seen in the negative Na results (see above, 2.2). On 
the other hand, the highest usefull optical density ("saturation") is about 3. The saturation to 
background ratio is only about 15 which limits the dynamic range considerably. 

A CCD device has the potential to extend the detection range by its lower background and its 
higher saturation to background ratio. It is planned to use linear diode arrays such as model 
RL1024SAU-811 by EG & G Reticon with a reduced protective oxide layer thickness. 

Several problems arise if delicate electronic equipment is operated near the KALIF diode 
since intense hard x-rays and strong microwave fields are produced. We therefore have per
formed measurements of the electromagnetic pollution levels for different rf shielding 
conditions. We used an 18 mm long wire as antenna to pick up the rf signals. They were re
corded by an SCD 5000 oscilloscope by Tektronix with more than 4 GHz bandwidth. Un
shielded signallevels up to 150 V PP for the Be diode were observed, while for the Bappl diode 
the level was only 20 V PP' 

The rf shielding must leave open a path with cross section of about 6 mm by 25 mm to serve 
as entrance window for the dispersed x-rays. Using 90 mm long wave guides with this cross 
section as entrance window to a shielding box we found for the more critical Be diode signals 
from 0.8 to 8 VPP depending strongly on the configuration ofthe vacuum lines connecting the 
diode and the spectrometer vacuum chambers. 

References 

[1] H. Bluhm, G. Keßler: Report FZKA 5590 (1995) 1 

[2] B. Goel, W. Höbel, A. Ludmirski, J. J. MacFarlane, and P. Wang: Report FZKA 
5590 (1995) 99 

[3] E. Nardi and Z. Zinamon: J. Appl. Phys. 53 (1981) 7075 

[4] G. Meisel, A. Ludmirski, J. Singer, H. Bluhm, and T. Schön: Report FZKA 5590 
(1995) 95 

[5] B. L. Henke, P. Lee, T. J. Tanaka, R. L. Shimabukuro, and B. K. Fujikawa: Atomic 
Data and Nuclear Data Tables 27 (1982) 1 

-113-



[6] B. L. Henke, J. Y. Uejio, G. F. Stone, C. H. Dittmore, F. G. Fujiwara: J. Opt. Soc. B3 
(1986) 1540 

[7] J. J. MacFarlane and P. Wang: Report FZK FPA-95-3 (1995) 

[8] B. Goel: private communication (1996) 

[9] J. J. MacFarlane: private communication (1995) 

-114-



V Applications 





Light Ion Beam Driven Inertial Confinement Fusion: 
Requirements and Achievements 

H. Bluhm, G. Keßler, R.R. Petersen* 
Forschungszentrum Karlsruhe 

Institut für Neutronenphysik und Reaktortechnik 
P.O.Box 3640, D-76021 Karlsruhe 

*Fusion Technology Institute 
University of Wisconsin-Madison 

1500 Engineering Drive, Madison, WI 53706 

Abstract. In this paper we compare the requirements for a light ion beam driven inertial 
conf'mement fusion reactor with the present achievements in pulsed power technology, ion 
diode performance, beam transport and target physics. The largest technological gap exists in 
beam quality and repetition rate capability of high power ion diodes. Beam quality can very 
likely be improved to a level sufficient for driving a single shot ignition facility, if the potential 
of two-stage acceleration is used. Present schemes for repetition rate ion diodes allow either too 
low power densities or create too large beam divergence. On the other hand repetitively 
operating pulsed power generators meeting the requirements for an ICF reactor driver can be 
built with present technology. Also a rather mature target concept has been developed for 
indirect drive with light ion beams. 

INTRODUCTION 

The use of light ions to implode DT filled targets in future commercial fusion reactors 
has been studied for over more than 10 years. The first self consistent light ion driven power 
plant design LIBRA was published by the University of Wisconsin (UWM), Sandia National 
Laboratories (SNL) and the Nuclear Research Center Karlsruhe (KfK) in 1989 [1]. The 
specific issues to be solved for any light ion beam driven ICF power plant are related to the 
repetitive operation of the high valtage pulse generator and the ion source, to the production of 
high quality beams and to their transport to the target. Although the reaction chamber and the 
targets driven by a light ion beam also have their peculiarities, these seem to be at least not 
more demanding than for any other driver option. 

So far the LIBRA reactor studies have been restricted to detailed investigations of the 
generator, the beam transport, and the reaction chamber issues. They did not address the very 
difficult problern of high quality repetitive beam production to any depth. The physical and 
technical foundations of this challenging problern must be solved first in a separate 
experimental and theoretical research and development program. Such programs are underway 

-117-



at Sandia National Laboratories, Cornell University, NRL Washington, ILE Osaka, and at the 
Research Center Karlsruhe. 

Meanwhile three versions of the LIBRA reactor study have appeared that mainly differ 
from each other by their schemes for beam transport. They considered 

• preconditioning of beam channels by las er beam and pulsed direct current [ 1] 
• ballistic transport and final focussing of the ions with robust solenoidal magnetic 
lenses (LIBRA-LITE) [2] 

• self propagating ion beams in a self pinched mode (LIBRA-SP) [3] 
From a reaction chamber design point of view the self propagating beam would be preferable. 
In this paper we attempt to compare the present status of R&D results with the key design 
parameters of the conceptual reactor design studies. 

LIDRA-SP CONCEPTUAL DESIGN 

The LIBRA-SP conceptual reactor design study of UWM-SNL-KfK is a 1000 MWe 
Inertial Confinement Fusion Reactor which utilizes 30 MeV Li+ ion beams propagating in a 
self-pinched mode from the ion diodes to the targets [3]. There are 24 Li+-ion beams 
transporting 7.2 MJ onto the target. These modules are fired in a two-step sequence to provide 
the desired power pulse shape. Out of these 24 beams 12 are operated in a prepulse mode 
delivering 1.2 MJ and 12 beams hit the target with 6 MJ in the main pulse. The prepulses have 
a half width of 40 ns whereas the main pulses are bunched with a pulse width of 40 ns at the 
diades and 20 ns at the target. The pulses overlap at the target to impact it with 300 TW peak 
power. The main beam parameters are listed in Table I. 

Table I. LIBRA-SP General Ion Beam Parameters 

Parameter J Main Pulse I Pre-Pulse 

Ion species . Li . Li 
~~-~-.. ~-lönenergy'[iVIevr .. ~·~~~·r~ .... ~~3ö~ .......... T ........ ~3o .......... . 
......... Eti.ergy .. oti .. targeiTt\15f' ...... r ............ 6:o ............ T ........... i:-2 .......... . 

Transport efficiency [%] 90 90 
Number ofbeams 12 12 

Pulse width at diodes [ns] , 40 . 40 
............................................................................. i""'"""""""""""""" .............................. . 

Pulse width at target [ns] ! 20 ~ 40 
................................... , .... ~ .. --.-.. ..,_.. ........................................ ..." .................. .,...,.. .............................. ~ ............................................................................ ,.""'} ................................................................................ .. 

Total Diode current[MA] ! 5.56 ~ 1.11 
Total current on target [MA] l 10 . 1 

-~·-~-~~ .... ~~~-~~ ................... ~.~ .. ·-·-.. ~'l-"~ .. ~ .. ~ .. --.. ~~ ... , .. _.~ .. ~·~·~-.. ~·-· 

Total power at diades [TW] ! 167 i 33 ............................................................................. ! ................................. , ............................ . 
Total power at target [TW] ! 330 ~ 30 

The 24 Li+ ion beams are generated by Li+ ion diodes which are loaded by 24 driver 
modules. The driver modules are of the same technology as used in the electron accelerator 
Hermes III at Sandia National Laboratories [4]. This technology uses alternators and step up 
transformers in charging pulse lines to convert wall plug electrical power into 0.75 !lS pulses 
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of 2. 7 MV. The charging pulse lines then feed pulse forming lines that drive Metglas induction 
cells in 1. 15 MV, 3 9 ns pulses. Bach main module is made of 26 induction cells whereas each 
prepulse module is constructed with 18 induction cells. The driver modules are situated around 
the reactor chamber at two levels. Fig. 1 shows a cross sectional view of the reactor chamber 
with its beam lines aiming at the target. 

Figure I. Cross-section ofthe Libra-SP target chamber 

The reaction chamber is an upright steel cylinder (HT-9) of 5.7 m diameter and 13.6 m 
height which has an inverted conical roof extending an additional 9 m above the cylindrical 
position. The floor of the chamber consists of a perforated drain plate followed by a sump 

-119-



leading to the intermediate heat exchangers. The cylindrical wall of the reactor chamber is 
shielded by a bank of curved tubes which carry the PbLi coolant and breeder material. These 
coolant tubes have a system of spray fan nozzles (Perforated Rigid Iubes: PERlT) through 
which coolant flows and forms sheets of liquid metal in front of the main tubes. These sheets 
will mitigate the shock waves hitting the tubes and will shield the tube surfaces from the target 
X-rays. 

The schematic picture of a possible 2-stage diode concept for LIBRA-SP is presented 
in Fig. 2. Three sets of magnets are shown, one on the anode side and two on the cathode side, 
each consisting of an inner and an outer ring coil. The annular ion beam passes through the 
ring shaped gap between the inner and outer coil on the cathode side. The focal length of the 

\. 
Rotating Shutter :··. 

Stripping Section :··: 

C . 
... ··.: .. · 

Figure 2. Schematic presentation of a possible two-stage diode design jor LIBRA-SP 

diode is given by the shape of the anode, the external magnetic fields acting·upon the ions and 
by the degree of neutralization of the ion beam. The outer radius of the anode is an important 
parameter for the self pinched transpoft of the beam. The inner radius must be large enough to 
contain the magnetic field coils, the power feeds and the cooling channels. Rotating shutters 
between the 2 stage diode and the atmosphere of the reactor chamber separate the different 
vacuum conditions of the diodes and of the reactor chamber. It is assumed that the beams will 
propagatein a straight line without any pre-ionizing by a laser. The beam lines must therefore 
be aimed precisely at the targets. 

The spherical target which is based on the target design for the Laboratory Microfusion 
Facility [5] is shown in Fig. 3. The peak beam power on target is 330 TW in a pulse width of 
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Figure 3. 

HohlraUI]l 
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0.699 cm 

Schematic ofinitial target configurationfor LIBRA-SP 

20 ns. Interna! pulse shaping of the X-ray flux on the inner DT -capsule is expected to Iead to a 
gain of about 80, thus producing a total yield of 560 MJ, at a frequency of about 4 Hz. Some 
target data are given in Table II. 

Table II. LIBRA-SP Target and Ion Bearn Parameters 
Total absorbed beam energy 7.2MJ 
Peak bearn power (main + prepulse) 330TW 
Hohlraumradius 0.7 cm 
Target gai 82 
Fusion energy Yield 560MJ 
Peak beam intensity 54 TW/cm2 

STATUS OF R&D RESULTS 

In the second part of this paper we analyze the present status of light ion beam reactors and 
compare it with the actual state of the art in driver technology, diode technology as weil as 
experimental and theoretical results for target physics. 
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Driver Modules 

The LIBRA-SP accelerator modules are based on the same successful technology used 
for the HERMES III and SABRE accelerators in Sandia, and for the KALIF-HELIA-facility at 
Karlsruhe as well. 

This technology couples a self-magnetically insulated transmission line (MITL) with 
the induction linac technology. By this technique the voltage pulses from separate inductively 
insulated pulseforming lines are added on a coaxial vacuum line. The outer conductor of this 
line is formed by the inner bore of induction cells filled with Iaminated ferromagnetic cores. 
The central conductor of this line extends along the entire length of all induction cells. The 
voltage pulses reach the vacuum line through annular feed gaps between the cells. They 
propagate down the line and superpese to a pulse whose amplitude is proportional to the 
number of cells. This pulse can be coupled into single or two-stage ion diedes and converted 
into an intense ion beam. 

To extract an ion beam from the accelerator the inner conductor of the vacuum line 
must be operated in positive polarity. In this configuration the magnetically insulated electron 
flow in the line is rather complex. Nevertheless experimental experience on HERMES III and 
Sabre has shown that the magnetically insulated voltage adder can operate with efficiencies of 
more than 80% [6]. 

In Table III the main data of a LIBRA driver module are compared to those of existing 
machines like HERMES III and KALIF-HELIA. It is evident that both, the electrical power 
and the pulse energy of HERMES III are similar to those of the main pulse beam lines of 
LIBRA-SP, while the electrical parameters ofKALIF-HELIA are in the samedass as those of 
the prepulse beam lines. 
Table III. Comparison ofLIBRA-SP driver Modules with Hermes III and KALIF-HELIA 

LIBRA-SP Hermes III KALIF-
Parameter HELIA 

Prepulse Main pulse 
Voltage at diedes [MV] 30 30 22 6 
Number of 1 MV cavities 30 30 20 6 
Current at diedes [kA] 93 463 730 400 
Electrical power (1 beam) [TW] 2.8 14 16 2.4 
Pulse width at diode [ ns] 40 40 26 50 
Polarity + + - (+) + 
Energy into diode [kJ] 120 500 400 100 

one-stage one-stage and 
Type of diode two-stage Lt two-stage Lt electron two-stage H+ 

andLt 

The successfull operation of the RHEPP facility [7], which is based on the same 
technology, has demonstrated that repetitive operation of pulsed power generators can be 
achieved with high voltage alternators, step-up transformers and pulse compression with 
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magnetic saturable core switches in the charging circuit. A necessary prerequisite for long 
lifetime repetitive operation is to eliminate all spark gap switches in the machine by magnetic 
- or some other type of nonwearing-switches (semiconductor switches). This also has the 
advantage to increase the efficiency of the generator from typically 40-50% with spark gaps to 
more than 80% with magnetic switches. 

Summarizing, high power pulse generators with 3-4Hz repetitionrate complying with 
the requirements for !CF-driver modules can be built with present day technology. 

Extraction Ion Diodes 

The conclusion of the last paragraph cannot be drawn for ion beam production. With 
respect to ICF reactor applications the main issue is to develop a technology that allows 
repetitive diode operation tagether with sufficiently small beam divergence. Presently both 
requirements are attacked independently. Although this may be reasonable for a single shot 
ignition facility and for other industrial applications of ion beams, a unified approach is 
necessary for an ICF reactor ion diode. 

The lowest measured ion beam divergene from single stage diodes is around 17 mrad 
[8]. Until today two-stage diodes have mainly been operated on rather low power machines 
[9, 1 0]. In these experiments values as low as 10 mrad have been found. For reactor 
applications less than 5 mrad are needed while 10 mrad maybe sufficient for an ignition 
facility. A prerequisite for divergence reduction is to identify the main sources, and to 
understand their origin and their dependence on important parameters like current density, 
voltage, magnetic field, ion mass etc. A large experimental and theoretical effort is presently 
underway in severallaboratories to accomplish this task. 
So far two main sources of beam divergence have been identified inside the diode accelerating 
gap: inhomogeneities and surface roughness of the anode plasma which delivers the ion beam 
and instabilities of the free electron sheath containing the virtual cathode. While the first 
source can be mitigated by improved anode plasma production it is not yet clear whether the 
most damaging electron sheath instabilities can be suppressed. Although reliable scaling laws 
arenot yet available, it seems obvious that the effect of instabilities decreases with decreasing 
current density, and increasing voltage and ion mass. The advent of new high voltage 
accelerators like PBFA-X, KALIF-HELIA and Sabre shall aceeierate the determination ofthe 
required scaling laws. 
In addition it will become possible to investigate two-stage diodes on higher power machines. 
Two-stage diodes allow an independent control of voltage and current and much stiffer diode 
impedances are predicted. This kind of impedance behavior is necessary if beam bunching 
shall be utilized to increase the power density on target. However, the largest potential of two
stage diodes in reducing the beam divergence is probably given by post acceleration. 3-
dimensional particle in cell code simulations have shown that the ion divergence scales with 
the injected current density [11, 12]. If the current density is kept close to the value at which 
the formation of a virtual anode occurs only longitudinal velocity is added to the ions in the 
second stage and thus their divergence is reduced. Since the physics of the second acceleration 
stage is even more complex than that of the first, an experimental verification of the predicted 
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results on high power machines seems necessary. Generally it appears desirable to increase the 
particle energy and mass of light ion driver beams. 

Although the voltage adder technique may allow accelerating voltages of up to 60 MV 
single stage acceleration Iooks completely unrealistic at these voltages. It would require very 
large insulating magnetic fields, exceeding the yield strength of any coil material. If a two
stage scheme is used high particle energies are easier to realize. Utilizing charge stripping 
between the stages high particle energies can be achieved with much lower voltage pulses. E.g. 
connecting two 10 MV accelerating stages by a stripping cell 40 MeV Li3+ ions can be 
produced. 

Although arepetitionrate capability is not necessary for a single shot ignition facility, 
it needs to be developed for a reactor diode. A good starting point for this development is the 
MAP-diode [13]. However, a strong increase in current density and a drastic reduction of 
beam divergence is necessary before this diode satisfies the requirements for a reactor driver. 
Therefore, other schemes should be considered. 

Summarizing it is very likely that the big experimental and theoretical effort to 
understand the physics of the accelerating gap in high power ion diodes will lead to a beam 
divergence reduction compatible with the requirements for an ignition facility. Two-stage ion 
acceleration has an even larger potential to improve the beam quality. However, more 
experimental results from high power accelerators are needed. The development of ion diodes 
with repetition rate capabilities is still in its infancy. New schemes that do not sacrifice the 
beam quality have tobe created. 

Beam Transport 

Several different transpoft schemes have been considered for light ion beam driven 
reactors. The most promising among these are ballistic transpoft combined with solenoidal 
focusing [2, 14] and self-pinched transpoft [3]. In the first scheme a background gas provides 
charge and current neutralization. The gas pressure must also be chosen to prevent excessive 
small angle scattering and energy loss and to avoid the occurence of filamentation instabilities. 
If30-40 MeV Li3+ ions are considered about 100 Pascal of helium gas pressure complies with 
these requirements. A disadvantage of this approach is that the solenoidal lens must still be 
rather close to the target and therefore, will be exposed to a large neutron and soft X-ray 
radiation flux. 

No transpoft apparatus in the reactor chamber is required for the self-pinched transpoft 
scheme. Since it would allow small holes in the chamber wall and thus easy protection of the 
diode hardware it is considered as the most preferable concept for high yield repetitive target 
ignition. Self-pinched transpoft requires a low pressure ±10 Pascal gas background in the 
chamber. A net electrical current 

lnot = 0.5(~for ®~JA 
is needed to trap the ion beam. (IA = Alfve' n current, Ro = radius of the beam envelope, rr = 

focal spot size, Sm= beam microdivergence). The details of this transpoft scheme have not yet 
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been studied adequately. The key issue is the gasbreakdown process, which occurs at the head 
of the beam. If the breakdown process occurs too fast the net current frozen in the plasma may 
become too small to confine the beam. Theoretical modeling suggests that fast electrons with 
mean free path greater than the beam radius produce non-local breakdown effects which may 
influence the net current amplitude [15]. 

Summarizing, both transport schemes need further theoretical and experimental 
investigations. This is especially true for the self-pinched transport, where very little 
experimental work has been clone. 

Target Physics 

The concept of the foam filled light ion driven hehlraum target shown in Fig. 3 is 
probably one of the most attractive target designs. It takes advantage from the proper range of 
30 MeV Li-ions, which is large enough to penetrate the hehlraum wall, yet short enough tobe 
completely stopped in the foam. This target concept avoids some of the nonsymmetry 
problems resulting from rather localized converters and therefore does not need any shims to 
smooth the radiation. In addition the foam filled hehlraum reduces the hydrodynamic inward 
motion ofthe hehlraum wall. 

Conversion of light ion beam energy into a soft X-ray radiation field has been carried 
out with foam filled hehlraum capsules at specific power depositions around 1000 TW/g on 
PBFA II [16]. In these experimentshehlraum temperatures around 60 eV have been achieved 
and it has been shown that a transparent hehlraum fill was created. Also another basic LIF 
target concept has been investigated: Interna! pulse shaping using shells of Beü and Be was 
demonstrated in las er driven hohlraums [ 16]. 

The target experiments on PBF A II with specific power depositions above 1000 Ty.l /g 
allow to study the physics in the prepulse of an ignition target. Besides this several other issues 
of ICF targets can be studied at even lower power densities around 200 TW/g attainable on 
KALIF and comparable generators of the 1 TW class. Target layers have been accelerated to 
approximately 1/10 of the implosion velocity necessary to ignite a target [ 17]. We have started 
in our own laboratory to study the hydrodynamic stability of perturbed accelerated foil targets. 
In addition from these target experiments fundamental quantities of intense ion beam target 
interaction like specific energy loss, ion range, eos data, opacities, and soft X-ray conversion 
efficiency can be determined. 

Summarizing, a very attractive target concept has been developed for LICF. 
Fundamentals of this target concept have been verified experimentally. The presently achieved 
power density in the focus of intense light ion beams is sufficient to study several quantities 
that are important for ICF. 

CONCLUSIONS 

W e have compared the requirements for a light ion beam driven inertial confinement 
fusion reactor with the present achievements in pulsed power technology, ion diode 
performance, beam transport and target physics. It is obvious, that the largest technological 

-125-



gap still exists in the production of high quality (low divergence) intense ion beatns. 
Therefore, a continued strong research effort is necessary to solve this issue. A large potential 
lies in the utilization of two-stage acceleration. Using this potential and improving our 
knowledge about the physics of the diode accelerating gap will very likely lead to beam 
qualities matehing the requirements for an ignition facility. Besides beam quality, repetition 
rate capability is the next big issue of ion diode development. Although not necessary for a 
single shot ignition facility, new schemes should be investigated as early as possible. Here the 
main problern is not to loose beam quality in return. 

After the diode issues the secend largest needs for development are in the beam 
transport. Especially, the self-pinched propagation scheme requires further experimental and 
theoretical investigations. 

In centrast to the diode and transpoft problems the achievements in driver technology 
and target design look very mature. Suitable pulse power generators with repetition rate 
capability (3-4 Hz) can be built based on available technology. In addition some ion beam
target interaction experiments with relevance to ICF targets can be carried out with presently 
achievable beam intensities. 

The large research and development effort that is still needed to match the requirements 
for light ion beam driven ICF seems justified by two potential advantages of the light ion 
approach: 

1.Its outstanding low costs and high efficiencies; 
2. The prospect that this technique is likely to meet the requirements for a high gain 

ignition facility, which then could be built at affordable costs. 
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ABSTRACT 
Recent activities at the pulsed proton beam facility PROFA [1, 2, 3) include optimization of 

the mechanical and electrical diode parameters, assessment of the limiting operational parameters 

of the diode (maximum achievable pulse duration, diode current and current density), measure

ments of the radial and axial ion beam current density profiles in the drift space, and frrst tests of 

the beam space charge neutralization in the target plane. 

The presently achieved maximum proton current densities at the emitting anode surface, in 

the ballistic focus plane and in the targetplane of PRO FA are of the order of 0.1A/cm2 
, 1A/cm2 

and 5A/cm2 respectively. The maximum diode current is lOOA. Residual problems are: insuffi

cient space charge neutralisation, premature diode breakdown in the high current operating regime 

and higher than expected beam divergence. 

Complementing the work performed at FZK, side investigations run at the St.Petersburg 

State Universitity aimed at measuring the composition of an ion beam produced by a PROF A type 

diode and to quantify the effects of anode aging and reconditioning on the beam composition. 

1. INTRODUCTION 

The principallayout of the PROF A facility in its present state is shown in Fig.1. An ex
traction type diode of 44cm diameter with concave electrode surfaces for ballistic beam focus
ing is accommodated in a stepwise tapered vacuum vessel. The magnetic coil system sur
rounding the vessel has been designed to allow an adiabatic compression of the beam within a 
short distance [ 4]. 

The PROF A diode comprises an anode discharge electrode (ADE) for plasma produc
tion and a set of stainless steel grids for ion extraction. The ADE is a perforated concave 
stainless steel shell containing 7 50 spark units with an average distance of 2cm. Each of these 
spark units consists of a polyethylene plug of 6 mm diameter and a central needle electrode. 
All needle electrodes have series resistors Ro and are jointly connected to ground via an exter
nal RC network Ra, Ca. 

Applying a positive high voltage pulse to the ADE leads to a surface discharge across 
each polyethylene plug from the ADE body to the central needle electrode, and to the forma
tion of a hydrogene-rich plasma cushion on the ADE surface. Adequate choice of the series 
resistors Ro ensures homogeneous firing of the spark units over the ADE surface. After ex
pansion of the plasma cushion to the anode grid AG, ions are extracted under the influence of 
the diode electric field and accellerated towards an accel-decel configuration consisting of an 
adequately biased double grid arrangment CG 1, CG2. After passing through the ballistic focus 
at a distance of 60 cm from the diode, the proton beam diameter is further reduced by approx. 
a factor of 3 by magnetic compression. 

Initial measurements performed at PROF A in 1994 were focused on component tests 
and exploratory studies, like e.g. the vacuum operating range of the facility, the applicability 
of different methods of beam space charge neutralisation and measurements of the beam enve
lope. The majority of these early measurements was run using relatively small diode currents. 
It was found that in this operating regime, the diode could deliver proton pulses of up to 40J.Ls 
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AG 

Fig. 1: Schematic Iayout of the pulsed proton beam facility PROF A. 
ADE: anode discharge electrode; AG: anode grid; PE: Pierce electrode; 
CGI,CG2: cathode grids; MCS: magnetic coil system; T: target. 

in length, limited only by the capability of the high voltage pulse generator. The maximum 
beam current density recorded in the target plane was about 40 mA/ cm 2 

• 

In 1995 the key issue of the investigations was the transition to higher beam currents. 
Activities included the mechanical and electrical optimization of the PROF A diode and the 
developement of more reliable diagnostic equipment. Detailed studies were then made of the 
diode operation limiting parameters, of the radial and axial beam current density profiles and 
of the beam space charge neutralisation. 

Complementing the studies performed at FZK, experiments conducted at the St. Peters
burg state university on a scaled down replica of the PROF A diode, concentrated on meas
urements ofthe beam composition and divergence. 

Reported hereafter are the hardware improvements of predominant importance and 
some selected results ofthe experiments performed in 1995. 

2. ÜPTIMIZATION OF THE PROFA DIODE: 

This campaign comprised the following steps: 
1. The PROF A anode originally had two perforated stainless steel plates with a combined 

transparency of only about 7% installed in front of the anode discharge plate. These two 
plates were replaced by one anode extractor grid with 70% transparency. The new grid 
(AG in Fig.1) was fabricated from 1mm stainless steel wires with a pitch of 2cm and 
formed to a sperical shape of 60cm radius. A fine stainless steel cloth was welded on top 
of this support structure to minimize electric field waviness along the ion extraction 
boundary. 

2. Parametrie studies showed a significant influence of the potential of the anode extractor 
grid on the diode current. It was found that the diode current reached a maximum when 
AG was allowed to adopt the anode plasma floating potential. This was achieved by 
connecting AG to the anode discharge electrode through a resistor of adequate magni
tude, given by: 
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RAG>> (Te ) (1) 
eiiO 1-a 

where Te is the electron temperature, a is the anode grid transparency and 
IiO = 0.49 · enA(Te/mJ

112 
(n = anode plasma density, mi = ion mass, A = anode grid 

area) is the ion saturation current. In our case, using RAG = 1kQ an increase of about 
50% in diode current was observed with respect to the situation, when AG was held at 
the potential ofthe ADE. 

3. The PROFA cathode grid arrangementwas improved in two respects: The total trans
parency was increased using similar grids as for the anode, and both grids are now inde
pendently biased to optimize space charge neutralisation by secondary emission elec
trons originating from ion collision with the cathode grids. The first cathode grid is 
presently held at a high negative bias of -1 to -2kV and the second at a low negative bias 
of about -100V. In the presence of the ion beam, this type of biasing establishes an 
electric field distribution between the two grids, that maximizes trapping of the secon
dary emission electrons inside the beam and minimizes both, electron backflow to the 
anode and oscillations of the beam current. 

4. The diodegapwas reduced from originally 4.5 to 1.5cm. It should be mentioned that the 
curvature of the cathode grids has not yet been adjusted to the new gap width, leading to 
an increase of the gap width from the central value of 1.5cm to an edge value of about 
1.7cm. This deficiency introduces a certain steering error that contributes to the total 
beam divergence, the magnitude of which has not yet been quantified. 

3. PERFORMANCE OF THE PRESENT DIODE ASSEMBLY 

A substantial number of experiments has been devoted to the assessment and optimiza
tion of the operational parameters of the diode. 

The integral ignition behavior of the anode discharge units was surveyed during source 
operation by taking long exposure photographs of the ADE through a window in the bottarn 
of the vacuum vessel. These showed that the distribution of fired spark units across the 
surface ofthe ADE was rather homogeneous, and that their number (::::i75% ofthe total number 
for a diodevaltage of22 kV) corresponded well with the number deduced from measurements 
of the volta e dro across the series resistors R0 . 
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Numerous measurements were made of the dependence of the diode current I diode and of 
the total pulse length 't on the diode voltage U diode , the diode gap, the extemal anode resistor 
Ra, and on the potential ofthe anode grid AG. 

It was found that the diode current is directly proportional to the discharge current Idis, 
i.e. the total current through all discharge units which determines the anode plasma production 
rate, with a fixed ratio Idiode /Idis = 0.05. Since I dis is mainly govemed by the ratio U diode /Ra , 
the diode current can simply be controlled by Ra. 

Two representative examples of the measured dependence of 't and I diode on U diode and 
Ra are given in Fig. 2 and 3. One can see that Idiode exceeds 100 A at U = 28 kV. The space 
charge limited diode current predicted by Child-Langmuir theory is 112 A. Unfortunately 't is 
only about 5.5 I.!S undersuch conditions. The exact breakdown mechanism responsible for the 
pulse length decrease with increasing U is not fully understood to date. It seems likely that 
filling of the diode gap by neutrals generated in the arc units could lead to a gas breakdown. 

4. PROTON BEAM CHARACTERISTICS 

V arious diagnostic tools have been employed in the course of the experiments, like in
tegrating calorimeters, capacitive probes, darnage paper and ion sensitive films. The meas
urements most thoroughly interpreted to date, some selected results of which are shown here
after, are those using a three electrode collector (TEC). This device comprises a collector cup 
and a repeller electrode, both accomodated in an outer stainless steel housing. Adequate nega
tive biasing of the repeller allows to completely remove comoving electrons from the beam 
and to measure the clean ion current [5]. 

It should be mentioned that results refering to the ballistic region were obtained without 
applying the compressing magnetic field. A 

Fig. 4 shows two measured angular distributions of the maximum ion current density ji 
recorded at a distance of 7 cm below the second cathode grid under similar operating condi
tions (Udiode ~ 20kV, Ra= 80, diode gap ~ 1.5 cm, cathode grid distance 3 cm). Both meas
urements were made using a 11.5 mm entrance aperture TEC, supported by articulated rods in 
such a way that it could be swiveled around the machine axis with the centre of rotation posi
tioned in the ballistic beam focus. While dis. 1 was recorded using the anode configuration 
shown in Fig. 1, dis. 2 was obtained using an additional grid of 35% transparency installed 
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Fig. 4: Maximum ion current density as a 
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between the anode discharge electrode and the anode grid. Dis. 1 shows a Gaussian profile, 
with l near the beam axis exceeding 0.1 A/ cm2 

• Considering the focusing effect and the grid 
transparencies, this value corresponds to 0.11Ajcm2 at the emitting boundary, the AG. The 
directly measured total diode current is 55 A , which is in good agreement with the current 
obtained from integration of dis.1. 

Dis. 2 shows that the introduction of an additional anode grid has substantially im
proved homogeneity ofthe plasma profile, but at the cost ofreduced current density. 

For comparison, Fig. 4 also shows the ion current density obtained from Child Lang
muir theory. The reduction ofji at large angles is due to the increase ofthe diode gap originat
ing from the inadequate curvature ofthe cathode grids (see section 2.4). 

Fig. 5 shows the ion current density distribution in the plane of the ballistic focus un
der the same conditions as dis. 1 in Fig. 4 for different moments in time. A detailed study of 
beam emittance utilizing a multiaperture or scanned aperture technique has yet to be clone. 
Nevertheless, it is viable to make a simple estimate of the emittance based on the known ge
ometry of the configuration and the radial beam profile in the ballistic focus plane . This esti
mate implies the calculation of the beam divergence half-angle corresponding to the half
width radius (HWHM) of the Gaussian fit, which is given by 

r 
@ = HWHM 

HWHM L (2) 

where L is the ballistic focal length of the system ( L = 60 cm ). The beam emittance is then 
approximated by 

8 = r0@HWHM (3) 
where r

0 
is the extractor radius ( r0 = 22 cm ); this assumes that the beam envelope is at a waist 

in the ballistic focus plane. With rHWHM = 2.7 cm (for t = 10 flS) one obtains a divergence 
half-angle of 45 mrad and thus an emittance of 100 n cm mrad (this is equivalent to anormal
ized emittance of 0.64 n cm mrad). 

In a similar way, the radial current density distributions shown in Fig.5 also allow to 
derive the fraction of the total diode current that can be attributed to a given beam divergence 
range (Fig.6). One can see that only a fraction of about 25% of the total beam current pos
sesses a divergence :::; 30mrad, and that the total beam divergence amounts to 150mrad. This is 
important, since the magnetic compression system of PROF A had been designed for an an
ticipated maximum beam divergence value of 30mrad [4]. In this context it should be noted, 
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that the total divergence value of 150mrad is composed of several contributions: (1) The 
source divergence (transverse velocity component in anode plasma), (2) steering errors and 
(3) beam widening due to insufficient space charge neutralisation. Present investigations aim 
at a quantification of these different components. 

For the position on the center axis (radial pos. 0 cm in Fig. 5) 7 shots were taken to get a 
better understanding of the reproducibility of the beam. The error bar for this point at 10 J.!S is 
also displayed in Fig. 5 and corresponds to a relative statistical standard variation of 12%. In 
cantrast it was found that the relative statistical standard variation for the diode current is only 
about 3.5%. This indicates that there are local fluctuations ofthe current density, although the 
total beam current from shot to shot remains very stable. 

An example of the latest results obtained using calorimetric measurements is presented 
in Fig. 7. Shown here is a radial beam profile recorded in the target plane using a linear array 
of PTlOOO. platinum resistors. Each resistor has a surface of 2.3 by 2.0 mm The spacing be
tween the resistors was 5 mm. 

Corresponding measurements using the three electrode collector positioned on the beam 
axis showed a maximum ion current density of 5 A/cm2 for a target area of about 1 cm2

• More 
recently, peak target current densities of even up to 13 A/cm2 have been observed. The operat
ing conditions leading to these high values are not yet fully understood. Assuming an ideal 
transport efficiency for the beam of 1 [4] a current density of about 25.6 A/cm2 is expected, 
based on the current magnitude measured in the ballistic region. 

5. SPACE CHARGE NEUTRALISATION 

A first series of measurements was made to judge the degree of space charge neutralisa
tion of the proton beam in the target plane. Forthis purpose the same three electrode collec
tors were used, that had already been employed for the beam profile measurements. However, 
instead of using a sufficiently high negative bias on the repeller electrode to remove all co
moving electrons from the beam, this voltage was now varied between zero and a negative 
value of -250V. In the course of these measurements the collector cupwas held at a positive 
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bias to avoid errors in the current measurements provoked by secondary emission electrons 
escaping from the collector. 1 

Some of the first results obtained are shown in Figures 8 and 9. The electron current 
density was obtained by subtracting the collector signal measured with the repeller at high 
negative bias from the signal obtained with the repeller at zero bias. 

Fig. 8 shows the time developement of the protonic and of the electronic component of 
the beam current on the axis. One observes that after a certain delay of about 5 J.I.S, the electron 
current exceeds the proton current, i.e. the beam current is overcompensated. 

Fig. 9 shows the radial dependence of the degree of current neutralisation Oe!Ii) for dif
ferent points in time after the onset of the proton current. 

It should be emphasized, that these are the results of first test measurements and that 
their interpretation has not been finished as yet. 

It is interesting to note, that these measurements do not only yield the current density of 
the beam electrons, but also allow conclusions conceming the energy distribution of these 
electrons. This information can be obtained through differentiation of the dependence of the 
collector current on the repeller electrode bias voltage. Knowledge of the energy distribution 
and of the current density of the electrons furthermore allows to determine the electron den
sity and therefore to conclude on the degree of space charge neutralisation.[5] 

6. BEAM COMPOSITION 

The ion beam mass spectrum has been measured at St. Petersburg State University with 
a time offlight diagnostic. To achieve a better time resolution the configuration of the diode 
was altered in such a way, that the anode discharge circuit was decoupled from the valtage 
applied to the diode gap. This modification ....----------------......, 
allowed to use a small acceleration valtage U a 

without changing the physical processes of the 
plasma generation. A preliminary result of the 
mass spectrum measurements performed for 
U a = 400 V is shown in Fig. 10, which was 
obtained after conditioning of new polyethylene 
plugs by several shots under residual gas pres
sure. It is clearly seen that protons represent the 
predominant beam component. After several 
hundreds of shots heavier components appear, 
presurnably originating from degradation of the 
PE plug surface properties and formation of 
metal films, provoked by evaporation of the 
needle electrodes. A self cleaning effect of the 
discharge units has been observed for high 
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discharge currents. A detailed presentation of ...__ _______________ ...,~ 

the time of flight experiments will be reported Fig. 10 Mass spectrum of the proton beam. 
elsewhere [ 6]. 

7. CONCLUSIONS 

The mechanical and electrical optimization campaign carried out on the PROF A diode 
in 1995 has resulted in a significant improvement in facility performance. The parallel use of 
different diagnostic tools (like e.g. three electrode collector with repeller electrode and ther
mistor arrays) for the measurement of proton beam parameters has led to largely consistent 
results. The most prominent results found in recent experiments are the following: 

1 It should be mentioned, that these measurements were made prior to the hardware and electrical 
optirnization campaign on PROF A, which explains the still relatively low current densities in Fig.8. 
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1. The homogeneity of ignition of the spark units, embedded into the anode discharge elec
trode is satisfactory. A comparison of long exposure photographs of the operating diode 
with voltage drop measurements over the anode resistors gives consistent results. 

2. A maximum diode current of ~ 1 OOA was achieved when the anode grid is allowed to adopt 
the plasma floatinf potential. The projected maximum diode current for PROF A was 
150A. (1 OOmA/cm for an anode surface of 1500cm2

). 

3. The diode current is 5% of the discharge current establishing the anode plasma. 
4. The peak ion current densities recorded to date are: 

-at the emitting surface >0.1A/cm2 (near beam axis), 
-in the ballistic focus plane 1A/cm2 (without magnetic field), 
-in the targetplane 5A/cm2 (more recently up to 13 A/cm2

). 

5. The maximum achievable pulse length for low discharge currents is 40 J.!S, limited by the 
capability of the high voltage pulse generator. For higher currents, the pulse length de
creases significantly. 

6. The maximum beam divergence measured without magnetic field is rather high: ~150 
mrad for the total beam current. Evidently, a significant part of this value is caused by re
sidual beam space charge. 

Present activities concentrate on improvements of the anode plasma homogeneity, on 
the identification of the mechanisms leading to premature diode breakdown in the high current 
operating regime, on the application of different methods for the improvement of the beam 
space charge neutralisation and on investigations concerning the origin of the relatively large 
beam divergence. 
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Abstract 

Physical properties of non-LTE carbon plasma shields were studied at the plasma gun 
facility 2M K-200 CUSP at Troitsk und er conditions simulating hard disruptions and 
ELMs. The experimental data are used for validation of the theoretical modeling of 
the plasma surface interaction. Such important features of the carbon plasma shield 
as temperature and density distribution and its evolution are reproduced quite weil. 
The conversion efficiency of the energy of the plasma stream into total radiation and 
soft x-ray line radiation from highly ionized evaporated targetmaterial is also repro
duced. * 

1. lntroduction 

The plasma shield formed in front of a target at the early stage of a plasma stream 
target event protects the target from further excessive heat Ioad. This plasma shield 
effect though widely known was not systematically studied up to now. A rather gen
eral discussion is given in [1] and a few rather qualitative experimental results have 
been obtained so far [2- 4]. Plasma shield formation and quantification of darnage of 
targets under pulsed heat Ioads requires modeling of the interaction of intense plas
ma streams with targets. Forthis purpese the two codes FOREV-1 a one dimensional 
radiation magnetohydrodynamics (MHD) code and FOREV-2 a two-dimensional radi
ation MHD code both in planar geometry are developed [5]. Moreover the two- di
mensional radiation transport code TWORAD, based on the first order discrete ordi
nate method (2D SN) was developed also for planar geometry for calculation of di
rected spectral radiation leakage fluxes [6) and for quantification of darnage to side 
walls due to intense lateralleakage radiation from the plasma shield [7]. 

ln parallel with the development of codes, code validation is undertaken. Emphasis is 
put on the comparison of calculated and measured physical properties of the plasma 
shield. At the plasma gun facility 2MK-200 CUSP at TRINITI Troitsk [8,9], experiments 
wen~ performed with plasma stream power densities typically areund 1 OMW/cm2 sim
ulatlng hard disruptions and ELMs of the ITER tokamak. Properties and dynamics of 
the plasma shield have been studied by means of Iaser interferometry, Thomson scat
tering, optical spectroscopy in the visible and soft x-ray (SXR) wavelength range and 

* This work was performed in the frame of the EUROPEAN Fusion Technology Pro
gram on Plasma Disruption Simulation and is part of the joint EU-RF ITER task T226.b 
on Disruption Erosion. 
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by radiation calorimetry. This paper only covers the work on code valiaation with re
spect to experimental results. Work on numerical simulation of disruption erosion 
performed in 1995 is described elsewhere [7, 1 0]. Results on energy transport in a non
homogeneaus non-LTE plasma using a self consistent approach for the radiation 
transport are discussed in [11]. 

2. Facility and diagnostics 

2.1 Facility description 

The 2MK-200 facility (schemati
cally shown in Fig. 1) is an open 
magnetic trap [12] with two CUSPs 
at either end. lts central solenoid 
has a length of 1.5 m. Two pulsed 
plasma guns inject deuterium 
plasma into the trap from oppo
site sides through the CUSPs. Colli
sion of the counter-streaming 
plasma causes thermalisation of 
the directed energy of the plasma 
stream and produces a homoge
neaus unmagnetized high ß plas
ma. The plasma finally escapes 
from the trap by diffusion across 
the magnetic field lines in the skin 

loc.)(IQtt of rl1.1l)fl<'IH pfOIII' 

MK·500 
plasma gun 

p!asma gun 
Outlet 

Fig. 1 Experimental facility 2MK-200 

trap 

1 magnetic coils. 2 vacuum chamber. 3 plasma stream escaping 

the trap,4 magnetic field lines, 5 trap plasma with ß ~ 1, 

6 target position in the CUSP ring slit at R0 = 18 cm, 7 plasma 

stream from plasma gun 

plasma parameters 

plasma energy ";; SO kJ 

temperature Te + T; s 0.9 keV 

density ne s 2 x 1016 cm·l 

center of CUSP slit at R = 18 cm 

W0 :S 200 J/cm2 

Te + T; s 0.8 keV 

ne :5 1016 cm·3 

ß"' 1 
confinement timet s 35 IJS 

ß ~ 0.25 

pulse duration ~ 20 IJS 

magnetic field B; = 2.5 T 

layer and is guided into the CUSP slit along open magnetic field lines. 

2.2 SXR spectroscopy and radiative calorimetry 
X 

A transmission grating (TGS) 
spectrometer was used [13] 
for detection of SXR radi-
ation from the plasma shield 
emitted in perpendicular di
rection. The diagnostical 
scheme for time integrated 
measurements is shown in 
Fig. 2. Three slits (collimator, 
image and grating slit) allow 
a spatial resolution of 2.5 
mm perpendicular to the tar
get and a total viewing 
length of 7 cm. The width of Fig.2 

the vie-wing zone across the 
slit (y-direction) is 2 mm. 

SXR film 

KODAK 101 

grating slit 
0.1 mm 

Transmission grating spectrometer(TGS) tortime integrated 

measurement of the directed leakage radiation flux Iz (x, n 0 ). 

length of plasma shield l = 5 cm. 

Gratings with 5000 Jines /mm and 2000 lines/mm are used. The spectral resolution 
achieved is 13.3 Ä/mm and 40 Ä/mm. For recording of the spectra a Kodak 101 film is 
used. Film densities were evaluated by using a computerized microscope with video 
camera [14]. For the film sensitivities no single curve is available for the whole wave-
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length range from 10 A up to 1500 A. The published data [15, 16] were Üsed and inter
polated to cover the required wavelength range. 

Perpendicular total radiation fluxes from the plasma shield have been measured with 
a radiation calorimeter. The system adjusted to the position R = 18 cm has a spatial 
resolution in the direction perpendicular to the target surface (x-direction) of 5 mm. 
The calorimeter consists of a thermobattery with 1000 thermocouples mounted on a 
plate of size 25 x 25 mm2. An aluminum oxidefilm of thickness of 300 ~m is used to 
absorb the plasma radiation. Calibration of the system was performed for wave
lengths larger than 2480 A and shorter than 120 A. ln the VUV region the absorption 
coefficient K of the coating is assumed tobe ab out 85%. 

2.3 Evaluation of directed radiation fluxes 

Assuming isotropy of the leakage radiation flux Iz(x, 0 0 ) the radiative energy flux 
Wrad emitted from all 4 surfaces of the plasma shield is calculated according to 

Wrad = ~ ( 1 + ~) j dx j I,(x. Go) QdQ = 2: ( 1 + ~) j I,(x) dx (1) 

with L the length of the plasma shield in the viewing direction (z direction, L = 5 
cm), d the half width of the plasma shield in the perpendicular direction (y-direction 
across the slit = 1 cm), x the distance from the target, Iz(x, 0 0 ) the directed lateral 
radiation flux. 

The efficiency E = Wrad1W0 with which the energy of the incoming plasma stream W 0 

is converted into radiation in the plasma shield is obtained as 

2n (L + d) j lz(X) dx 
(2) 

E = -----"~-=-=--=----
Wol2d 

3. Experimental results 

Fig. 3a shows a time integrated soft x-ray 
spectrum measured at a distance of 20 mm ! 
from the target. ln the wavelength region E 

below 300 Ä line radiation from CV ions is ·~ 
observed. The intense lines at 40.3 and 35 A J 

0.2.----------~==----, 
CV JS Ä ~O.J A 

l 
contribution al>out <ontubulfon .:.bol!t 
30 •.t.. to total 35 •;. to total 

c 
are Ka and Kß lines corresponding to the -~ o.t 

transitions 1 s2 - 1 s2p and 1 s2 - 1 s3p from the ~ 
first and second excited Ievei of the CV ion g 

intC'nsity intcnsity at d1~tance\ 
up to 7 cm 

I (V 

.. 
(He' like) to the ground state. ln the wave- ~ 
length region 130 - 300 A radiation from 
transitions between excited Ieveis of the CV 
ions may occur. However presently it can't 
be excluded that impurities contribute to 
the detected radiation. 
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Fig. 3b shows the total perpendicular leak
age radiation flux obtained from radiation '" 
calorimetry and the SXR leakage radiation ~ s 

E 
flux from the two CV resonance lines at 40.3 
A and 35 A. At distances larger than 3 cm "' 

c 
from the target the radiation is only due to ~ 

SXR radiation. lts intensity becomes con- ~ 3 

stant and amounts up to 2 (J/(cm2ster)). Ap- ~ 
~ . 2 

proaching the target the total radiation in- " 
~ tensity increases due to increasing contribu- '" 

tions from the visible wavelength region. " 1 

From radiation calorimetry the directed flux 

\yrnhoh fll('J\uremc-nt 

solrd lrfl(l <dl<ulatron 

total rad1at10n flux from 

integrated over the extension of the plasma 2 4 s 6 

shield in x-direction (7 cm) and normalized distance from target(cm) 

tO a lateral length Of 1 cm WaS obtained to fig.lb Measured and calculated perpendicular SXR 

b f ( ) and total radiation fluxes for a carbon plas-
e 4.4 J/cm2 or one surface. Applying eq. 1 ma shield of length of 5 cm for the 2MK-200 

the total angular integrated lateral radia- cusrfacility. 

tion flux Wrad from all 4 sides of the plasma shield is estimated tobe 33 J/cm2. Thus up 
to 20% of the incoming energy is converted into radiation in the plasma shield. 

4. Modelling of disruptive plasma surface interaction with FOREV-1 

4.1 Power density of the plasma stream 

There are two plasma streams arriving at the target. The first one is due to direct im
pact of plasma from the gun. Typical ion impact velocities are 4 x 107 cm/s and the 
peak densities arearaund 1.5 x 1015 cm-3 [12]. The temperature of the Maxwellian dis
tributed electrons in this head plasma stream is 160 eV. The time evolution is de
scribed by a triangular function with full width at half maximum of 1.5 ~s. The second 
plasma stream is due to thermalized plasma from the trap. For estimation of the pow
er density and its time evolution a simplified theoretical model of the trap was used. 
The parameters ne. Te and T; of the trap plasma are obtained from the balance equa
tions for the energy content of the ions and electrons of the trap plasma and for the 
particle density of the quasineutral deuterium plasma. lt is assumed that ions and 
electrons escape through holes in the confining magnetic fieldas Maxwellian distrib
uted particles. 

Calculated electron and ion temperatures in 
the trap plasma are shown in Fig. 4a together 
with experimental values obtained from 
measurements of neutron yields (T;) and 
Thomson scattering (Te). The stored plasma 
energy in the trap was used as parameter to 
fit 'the calculated energy density to the ex
perimental value of about 200 J/cm2. The 
thus obtained value of the energy stored in 
the trapwas 40 kJ. The electron temperature 
in the slit is about half of the value in the Fig.4<1 

trap. This indicates that the electron tempe-
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rature in the trap decreases in the outer skin 
layer due to across magnetic field diffusion. 
The power densities of plasma ions and 
electrons in the slit center are shown in Fig. 
4b together with the early peak after 1.5 ~s 
caused by the head plasma. Due to the 
thermalization process in the trap the elec
trons gain energy and despite the electric 
potential which rejects electrons the heat 
Ioad as carried by the electrons i's about a 
factor of 4 I arger than for the ions. 

4.2 Details on modelling 
The modelling was done with the radiation 
magnetohydrodynamics (MHD) code at 
FOREV-1 in 1 D geometry [5]. The situation 

c 1.0 ,.----~;',------:-------., 

'§ I \ 

~ 0.8 / ' 
:t; I Il ', 
~ 1\ I \ g_ 0.6 t \ I \ 

-o I V \ 
<ll I \ 
~ 0.4 I ', 

ions (40 J/cml) 

electrons (160 J/cml) 

1 is16MW/cml 

"' ' § ', 
g 0.2 ', ..... ..... 

.......... ..... _ --
5 10 15 20 25 30 

time (!JS) 

fig. 4b Evolution of the power density of the plasma 
stream in the center of the CUSP slit. 

Part I 
Part li 

due to head plasma from plasma gun 
due to mag_netized plasma from the trap 

the 2MK-200 facility requires a special modeling. The hot part of the plasma shield ex
panding towards the trap (see Fig. 1) is continuously dumped into the trap and is con
tinuously reproduced by heating by the impinging plasma stream. To describe this sit
uation it was assumed that once the plasma shield is formed the plasma mass expand
ing beyond 10 cm is removed and the·plasma stream deposits its energy continuously 
at that distance into the plasma shield. For the impinging plasma stream time depen
dent power densities and temperatures for ions and electrons as shown in Figs. 4a and 
b were used. The ions were assumed to be monoenergetic whereas the electrons are 
Maxwellian distributed. 

The width at half maximum of the plasma stream across the CUSP slit of the 2MK-200 
facility (y-direction in Fig. 1) is about 11 mm and the target length along constant 
power density of the impinging plasma stream is 5 cm. This requires to take into ac
count plasma mass Iosses through the side surfaces (lateral) and if the plasma shield is 
optically thin also lateral radiation losses. The mass Iosses are due to loss of 
unmagnetized vapor and due to across magnetic field diffusion of target plasma adja
cent to the target where the temperaturein the plasma shield and thus the magnetic 
confinement is low. FormodeHing of the mass Iosses it is assumed that the vaporized 
material expands isotropically till at high er plasma temperatures it becomes confined 
in the magnetic field. 

ln this case the lateral mass Iosses can be described by a simplified model in which a cy-
lindrical component is introduced into the div v terms as · 

iN 1 arv av v av v 
--- -=-+-=-+-
ax r ar ar r ax r o + x 

(3) 

wittl v the expansion velocity, x the distance from the target and r0 a starting radius. 

Adiabatic cooling of the plasma due to the mass Iosses is taken into account. ln the 
balance equations the following terms are added: 
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dn nv 
- + 8 (T 0 - Te) = 0 
dt r0 + x 

density: 

3 dTe V 
-- + Te 8 (T 0 - Te) = 0 (

4
) 

2 dt r0 + x 

{ 
0 at ( < 0 with Te ""' 5 eV what means that for plasma 

with 8(() = temperatures > 5 eV the plasma is 
1 at ( > 0 magnetically confined 

Laterallosses of radiative energy may result in a redistribution of the torward and re
verse radiative energy fluxes calculated in 1 D geometry. ln a 1 D calculation lateral ra
diation Iosses can only be calculated in a simplified way. I2 (x) is estimated according to 

l~(x) 
I2(x) = n L~ j ~dw (5) 

with L length of the plasma shield in z direction (L = 5 cm), hw a characteristic length 
for photon Iosses of energy hw, and I 0 w the spectral radiation flux in direction o. 

hw is given as 

(6) 

with Kwl the optical thickness of the plasma shield (Kw the absorption coefficient) 

For optically thin plasma hw = 1 tv3/2 L with V3/2 = cos 60° and 60° the<fllean angle. 
hw increases for optically thick plasma. The torward and reverse fluxes I w are calcu
lated from 

0 
1 diw o 1 o 
- -- = llw - Kw I -- I 2 dx w hw w 

(7) 

with Kw the multigroup Planck opacities for absorption and llw = ßwiP w the plasma 
emissivity with ßw the multigroup Planck opacity for emission and IP w the Planck spec
trum. 

4.3 Results forcarbon 

FOREV-1 modeling results are shown in Fig. 5 for carbon. For describing the optical 
pr9perties of the carbon plasma shield 512 group non-LTE Planck opacities were used. 
More details are described in [5]. Curve 1 shows the time evolution of the power den
sity of the free plasma stream, curve 2 the time evolution of the heat flux at the target 
due to the impinging plasma stream, curve 3 the heat flux into the bulk graphite tar
get due to thermal heat conduction, curve 4 the radiative heat flux to the target, 
curve 5 the lateral radiation flux, integrated over the extension of the plasma shield in 

-142-



x-direction and normalized to a length of 1 cm and curve 6 the target heat Ioad due to 
electron heat conduction. 
Evaporationstartsafter 0.45 ~s. Forma-
tion of the plasmashield needs less N' 

10
• 

than 1 ~s. Afterwards the plasma shield E 
~ 

starts to radiate. 8oth radiation fluxes 3: 
6 

to the target and lateral carry up to ,... 
·;;; 

about 10 % of the incoming energy. ~ 10• 

The total radiation intensity (curves 4 ~ 
3: 

and 5) follows closely the time evolu- g_ 

tion of the power density. The lateral 
leakage radiation is rather high result
ing in an effective redistribution of the 
forward and reverse radiation fluxes. 
The target heat Ioad is dominated by 
radiation. A considerable fraction of 

10-1 +--...--...,.--,..L,l--1-:-~-...;.;.il..----,...-L-...L.--.L..l 
10_, 10° 

the energy of the plasma stream is go-
ing into ionization (internal energy) 
and thermal energy of the plasma 
shield. The calculated erosion is 0.05 
~m in comparison with the measured 
value of 0.25 ~m. 

Fig. 5 

4.4 Comparison with experimental results 

lime (fLS) 

Results from FOREV-1 calculations. Lateral mass and 
radiation Iosses are taken into account. 

1 power density of the plasma stream 

2 heat Ioad at the target 

3 heat flux into the bulk target 

4 radiation flux onto the target 

S integrated lateral radiation flux fl,{x) dx for 

a plasma shield of length of 1 cm 

6 heat Ioad at the target due to electron heat conduction 

~---------------------~ 
Fig. 6 shows a comparison of symbols: measurement 
calculated and measured pro- 120 solid line: calculation 

files of plasma temperature 
12 

and density at 10 IJS. There is a 
rather good agreement be- > Q) 

E 
u 

0 

8 >-

"<::' ''""" 
tween the calculated results Q) 

80 ._ 

T f,L-j and the results from Thomson ::J 

scattering. Due to the high 
plasma temperature and the 
rather Jow density the plasma 
shield remains confined in the 
magnetic field and expands 
along the field lines. Lateral 
movement of plasma was not 
observed [17]. 

5. 20 radiation trans
port 
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Fig.6. Calculated and measured profiles of plasma 
temperature and electron density in the car
bon plasma shield at 10 ~s for the 2MK-200 
CUSP facility. 

<lJ 
(jj 

The radiation flux in optically not thick plasmas of finite width which additionally 
have temperature and density gradients is non-isotropic. Moreover a comparison of 
measured and calculated directed leakage radiation fluxes requires 2D radiation 
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transport calculations. Therefore the code TWORAD based on the first order discrete 
ordinate method was developed [6]. 

5.1 The method 

The radiative transfer equation in 2D cartesian coordinates is written as 

~ + 1 - J.12 - = 'lw- Kw Iw ( 
alw V alw) 
ax ay (8) 

with Iw the 20 spectral radiation flux and J.1 = cos<f> with <P the azimuthal angle. For 
the meaning of the other parameters see eq. (7). 

The x and y components of the radiative flux are given as 

1 2n 
Sx = - j cos<f>Iwd<P 

2 0 

1 2n 
Sy = - j sin<Plwd<P 

2 0 
(9) 

From eq. (8) the finite difference equations for the spectral radiation flux Ik,mi,i at the 
knots i,j of the mesh are obtained with m the quadrant number and k the angle num
ber in the quadrant. The x and y components of the forward and reverse radiation 
flux are calculated according to 

s+ .. = 2::: k 1k, 1 
Ak + 2::: k Ik,4 A JJ 1 .. JJ4 . . k X,l,j k I,J k I,J 

s~,i,j = ~ JJ~ I~j2 Ak + ~ k 1k,3 A 
IJ3 . . k I,J (10) 

s;,i,j = ~ ~k I~: 1 A + L 
1 I,J k k 

~k I~:2 A 
2 I,J k 

s~,i,j = ~ ~k I~:3 A + :t 3 I,J k 
~k I~:4 A 
4 l,J k 

with Ak the weights for the Gaussian numerical integration. Tobe consistent with Fig. 
2 the lateral direction now will be denoted with z instead of y. 

5.2 , Comparison with experimental resu.lts 

Directed spectral leakage radiation fluxes were calculated with TWORAD. Time de
pendent plasma density and temperature profiles in x-direction as obtained from 
FOREV-1 were used. ln z-direction constant density and temperatures along the 

. ·length of the target of 5 cm was assumed. The TWORAD calculations were performed 
for 16 directions per quadrant, 64 meshes in x-direction and 40 meshes in z-direction 
were used. The same 512 frequency group non-LTE Planck opacities for emission 
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and absorption were used as for FOREV-1. With TWORAD calculate~ perpendicular 
spectral radiation leakage fluxes are shown in Fig. 7 at 10 J..IS where according to Fig. S 
the power density of the plasma stream and 
the lateral radiation flux reach their maxi
mum values. The Ka resonance line from CV 
dominates closer to the target and contri
butes about SO% to the total intensity. With 
increasing distances the CVI resonance line 
dominates. This line being close to the CV 
line can't be resolved in the measurements. 
ln the calculation line radiation in the pho
ton energy range SO - 100 eV from transi
tions between highly excited Ieveis of CV re
mains rather small. Measured and calcu
lated radiation fluxes are shown in Fig. 3b. 
The calculated perpendicular total and SXR 
radiation fluxes are in good agreement with 
the measured values. 

6. Conclusions 

0.06,-------------~ 

- x:::1.:SScm 
-- x=2.9f cm 

0.05 • ••• )(:::4,94 cm 

2! 
] 0.04 

~ 
~ 0.03 

.~ c 
2! 0.02 
!: 

0.01 
' ...,,. .... ' 

0.0 100.0 200.0 300.0 400.0 500.0 600.0 

photon energy (eV) 

Fig. 7 lntegrated perpendkular leakage radiation flux from a carbon plasma 
shield at 3 different distances from the target at 10 ~s. 

The non-LTE carbon plasma shield converts up to 20% of the energy of the impinging 
plasma stream into SXR radiation. 1 D modelling with FOREV-i reproduced all impor
tant features of the plasma shield such as the high temperature of the plasma corona 
and its evolution and the plasma density and its evolution. ln the calculated spectral 
radiation flux line radiation from CV and CVI ions contributes about 80% to the radi
ation intensity and the contribution from transitions between highly excited Ieveis of 
CV remains rather small. 

The disruption simulation experiments differ from the tokamak situation in several 
points: 1) the impact energy of the plasma stream is considerably less than for ITER, 
thus the energy deposition into the target and the plasma shield occurs in a rather 
shallow region. 2) the MHD behavior is different. The significance of Iateraiiosses of 
plasma mass has to be evaluated. 3) the high intensity of lateral radiation from the 
plasma shield results in erosion at side walls not hit directly by the disruptive plasma 
stream. The MHD behavior of the resulting rather complex plasma shield has to be 
modelled. 

For ITER tokamak hard disruptions and ELMs the main features ofthe plasma shield as 
described above remain valid as long as the power density is in the 10 MW/cm2 range 
[7]. Thesefeaturesare rapid evaporation of divertor material and its immediate ion
ization, formation of a protective two zone plasma shield for low Z materials and a 
rather high conversion efficiency of the energy of the plasma stream into soft x-ray 
line radiation in the plasma shield. Thus hard disruptions and ELMs at ITER are accom
panied by SXR flashes originating from line and recombination radiation of evapo
rated highly ionized divertor material. Of concern in the ITER tokamak disruption sce
nario is the lateral movement of plasma mass, becoming still more pronounced in case 
of divertor targets tilted in the poloidal plane. Moreover the interaction of the ener-
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getic tail of the Maxwellian distributed plasma electrons with the targat has to be in
vestigated in detail. Electrons deposit their energy into the solid target and thus could 
cause rather large explosive like erosion [18, 19]. Their role in tokamak typical disrup
tions still has to be evaluated. The high lateral radiation fluxes cause evaporation at 
the side walls of the ITER divertor slot thus requiring 2D methods with 2 X D MHD 
models for predicting the MHD behaviour of the plasma shield [1 0]. 
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Abstract 
Pulsed heat treatment is a modern and ecologically sound technique of surface modifica

tion. The special feature of pulsed heat treatment is the possibility of applying high heating and 

cooling rates is. Fast cooling rates (as much as 107 K/s) of the heated layer cause a change in its 

physical properties; metastable phases with amorphaus and nanocrystalline structures are formed. 

For investigation of the modi:fications of material properties by pulsed electron beams a new 

powerful electron beam facility GESA was developed and manufactured [1]. It produces an elec

tron beam with a kinetic energy of 50- 150 keV, a max. beam current of 500 A, a beam diameter 
of 6 - 10 cm and a pulse duration of 5 - 40 J.l.S. All marked beam parameters (energy, current den
sity, pulse duration) are controlled. 

The paper presents the results of investigation focused on the transformation of the micro

structure, alloy formation and high temperature corrosion behavior of the Superalloy MCrAlY 

treated by an electron beam. Further the improvement of tribological properties by pulsed heat 

treatment of tappets used in car engines, consisting of a 16MnCr5 steel, are described. 

1 INTRODUCTION 
The possibility of applying high heat

ing and cooling rates to material surfaces is 
the special feature of pulsed heat treatment. 
Fast cooling rates (as much as 107 K/s) of 
the heated layer cause a change in its physi
cal properties ( change of microstructure, 
improved wear and corrosion resistance, 
and increased microhardness) [2,3]. 

Proper adjustment of the energy sup
plied in the pulsed mode is crucial for suc
cessful surface treatment to generate the 
desired modifications. The decisive pa
rameters are the energy of the electrons, the 
current density and the pulse duration. It is 
necessary that these three parameters can be 
set ad lib and independent of each other. 

The GESA facility produces an 
electron beam with a kinetic energy of 50 -
150 keV; maximum beam current of 500 A; 

beam diameter 6 - 1 0 cm and pulse duration 
of 5 - 40 f.I.S. All beam parameters men
tioned ( energy, current density, pulse dura
tion) are controllable. 

The influence of the pulsed electron 
beam treatment performed by the GESA 
facility on the micro-structure, alloy forma
tion and high temperature oxidation behav
iour of the Superalloy MCrAlY was investi
gated. MCrAlY type coatings are widely 
used for oxidation protection on gas turbine 
blades at high temperature (>900°C), with 
M being Ni and/or Co [4]. An improvement 
of the corrosion resistance of these coatings 
would allow higher combustion tempera
tures leading to enhanced efficiency of gas 
turbines and increased life time. 

Hardening of car engine tappets con
sisting of 16MnCr5 steel has also been in
vestigated with the goal to improve the tri
bological properties. 
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2 RESULTS AND DISCUSSION 

2.1 CONTROLLED MELT AND RESOLIDIFICA

TION OF HIGH TEMPERATURE SUPER
ALLOY MCRALY 

The specimens consisting of Inconel 
73 8 were coated by low pressure plasma 
sprayed (LPPS) MCrAlY with 35% Co, 
28% Ni, 20,5% Cr, 16% Al and 0,5%Y. 
The coating thickness was 200 11m which is 
one order of magnitude higher than the 
electron range used in the experiments. 
Therefore only the MCrAlY-coating is in
volved in the pulsed heat treatment. 

The beam parameters are the follow
ing: electron energy E=120 keV, current 
density j=8 A/cm2 and pulse duration ,;=30 
I..I.S. 

By solving numerically the heat equa
tion using the energy deposition profile and 
thermal properties of MCrAlY at given pa
rameters, the maximum cooling rate and 
resolidification velocity were obtained to be 
2,5·106 K/s and 0,3 m/s. 

Fig. 1: MCrAIY as Plasma Sprayed 

Fig.2: MCrAIY after Electron Beam Treatment 

After treatment the irradiated zone 
was exarnined metallographically by SEM. 
Fig. 1 and Fig. 2 show the micrographs of 
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cross section before and after irradiation. 
After electron beam treatment a glassy sur
face layer with a thickness of approximately 
20 11m can be observed. The original two 
phase structure changed into a single phase 
structure in the melting zone. This modified 
layer was not affected by etching, while the 
two-phase structure shows deep corrosion 
traces. Further the surface roughness in
duced by the LPPS process is reduced sig
nificantly. The hardness of the single phase 
layer increased from 440 HV to 1200 HV. 

2. 2 HIGH TEMPERATURE OXIDATION TEST 

AT 1 000°C IN AIR 

The specimens for investigation of high 
temperature corrosion behaviour were 
treated under isothermal conditions at 
1 000°C up to 9600 hours in air. During the 
experiment the specimens were frequently 
exarnined metallurgically by SEM to moni
tor the formation of the Al203- and Cr203-
oxide layer. This layer acts as a barrier 
against oxidation in the high temperature 
regten. 

Fig. 3: Untreated Specimen after 6500 h 

Fig. 4: Treated Specimen after 9600 h 

In the untreated specimen after 6500 h 
exposure the oxide layer is traversed by rni-



cro-fissures. This leads to spallation of parts 
of the mcide layer, that must be built up 
again by Al out of the MCrAlY (Fig 3.). 
The periodical occurrence of this mcide loss 
is responsible for the limited life time of the 
protective coating. 

In contrast, the treated specimen 
shows a homogeneaus dense Al203 layer on 
the top of the melting zone even after 9600 
h oxidation test (Fig. 4). The homogeneaus 
single phase surface structure suppresses 
micro-stresses and the so initiated crack 
formation. 

2.3 PULSEDHEAT TREATMENTOF TAPPETS 

Tappets serve as the intermediate 
component between camshaft and valve of a 
car engine (Fig. 5) and consist of a carbur
ized 16MnCr5 steel. The material loss by 
friction does not allow a precise function 
during the engines life time. The experi
mental goal is the improvement of 
tribological behaviour by modifying the 
tappet' s surface using pulsed electron 
beams. 

r Valve 

. 
~ 

* 

Fig. 5: Tappet, Camshaft and Valve 

The beam parameters are E=100 keV, 
j=6 A/cm2 and 1:=25 f!S. 

In Fig. 6 the materials hardness with 
and without electron beam treatment is 
shown as a function of the depth in the 
specimens cross section. The hardness 
(Vickers, 25 p) within the melting zone in-
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creases from 1200 HV to 1300 HV. At the 
interface to the bulk material the hardness 
declines and approximates the untreated 
tappets values. 

1400 r-r-T--.-Tf=:::::I::::::I:::::::r::=:::r~ 
· ·· i --Treated 1300 +--,---:J....o..---+--1 

1200 

5; 1100 

~ 1000 

j 900 

800 

10 20 
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30 40 

Depth [f.!m] 

50 

Fig. 6: Hardness ofTreated and Untreated Tappet 

In SEM studies grain sizes of about 
300 nm were found in the melting zone. The 
reason for the decline of hardness under the 
untreated tappets value between 20 and 25 
f!m could be a tempering effect that leads to 
a fine bainitic stmcture. Investigations of 
this effect are in progress. 

To compare the wear resistance of 
treated and untreated surfaces a car engine 
test was performed. The rippled surface 
formed during the treatment through boiling 
required polishing before installing the tap
pet. The materiallass during 18 runs (2h per 
run) at different revolutions were measured 
in situ by the radioactive tracer method 
(RTM) [5]. Tab. 1 shows an increase ofthe 
tappets wear resistance by a factor of 4,3. 
Even the non-treated camshaft lost less ma
terial in combination with a modified tappet 
by a factor 2,3. 

Tappet 

Camshaft 2,3 

Tab. 1: Total Wear ofTreated and Untreated 
Tappets after the Test Runs of the Engine 



3 CONCLUSIONS 
Pulsed electron beam treatment has 

proved a power:ful tool for surface property 
improvement; in particular for the enhance
ment of wear and corrosion resistance. 

1. Treated test specimens exhibit the 
formation of homogeneaus surface layers 
with an increase in hardness between 40% 
and a factor of three. 

2. The high temperature corrosion re
sistance of the Superalloy MCrAlY can be 
improved by electron beam treatment. The 
stable protective mcide layer suppresses 
material loss by spallation as observed on 
the untreated coating. 

3. The wear resistance of tappets can 
be significantly (x4,3) increased by pulsed 
electron beam treatment as shown by an 
RTM test. Even its friction partner, the 
camshaft, shows a reduced material loss by 
a factor of 2,3. 
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Processand Device for Electrodynamic Fragmentation of Solids
FRANKA 

W. Edinger*, V. Neubert, C. Schultheiss, R. Strässner*, H. Wieczorek, For
schungszentrum Karlsruhe, Postfach 3640, Karlsruhe, FRG 
* Ingenieurbüro D.T.I. , Karlsruhe 

Abstract: Solids in a non-conducting liquid are subjected to electric discharges 
with a pulse duration of 200 ns at 250 kV voltage and a peak current of 6 kA. 
ln this parameter field the discharge runs through dielectric solids and avoids 
paths through the liquid. The advantage is the generation of shockwaves in the 
solids and a correspondingly effective fragmentation. ln the case of minerals a 
break-up occurrs at the natural grain boundaries. The operation of a pilot plant 
(FRANKA) is described as weil as the spectra of possible applications in the 
fields of recycling and break-up of precious materials. 

1 . lntroduction 

The generation of shockwaves by means of electrodynamical methods is a 
technique, which came up in the fifties and is actually the subject of many in
vestigations [1 ]. ln most cases capacitors are the storage of electric energy in 
the order of some kilojoule. By means of a spark gap the electric energy is 
switched to an electrode pair in a liquid (in most cases water) and a discharge 
through the water takes place, which generates a shockwave of amplitudes in 
the order with that of explosives. Fig.1 shows the scheme of such a device. 

Fig.1: Scheme of a high voltage pulsed power driven discharge device with electrodes in a liquid 
medium. High amplitude shockwaves destroy material. 

Parameters of a high voltage pulse generator used in this field can be varied in a 
wide range. Most of the generators are simple capacitor banks of a capacitance 
of some microfarads, which are charged up to 20 to 50 kV. The power devel-
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oped during a micro-second Iasting discharge in water is sufficient for crushing 
material in the very vicinity of the discharge column (see fig.1 ). 

Detailed investigations of the discharge behavior in a liquid in presence of di
electric material are shown in fig.2. ln most cases the impedance design of the 
pulse generators is such, that the electrical pulse length is in the order of micro
seconds. As can be seen in fig.2 (left side) in this case the discharges exclu
sively run along a path through the water between the electrodes (or other liq
uids, exceptions are high insulating transformer oils). However, if the pulse 
length of the generator decreases below 500 ns a transition in the discharge 
behavior becomes visible. The discharge now tends to run through the dielectric 
material, if this material is in the nearer vicinity (see fig.2, right side). This mode 
of operation is the subject of this paper. 

Fig.2: Comparison between the two modes of operation of electrodynamic fragmentation. The 
advantage of the explosion mode, i.e. the discharge runs directly through the material, is the 10 
times lower energy consumption then in the case of compression mode. The latter one suffers on 
the dissipation of energy by the distance law and reflections of the shock wave during the inva
sion into the material. 

The transition behavior of the discharge is the concern of fig.3. Different sub
stances, like water, dielectric material and gases are exposed to high valtage 
pulses of different ramp times (see fig.3 upper part) and the break-down behav
ior is measured [2]. ln the lower part of fig. 3 the results of the measurements 
are shown. There is an overall tendency of increased high valtage strength of 
the substances with steeper pulses. However, if a gas is present between the 
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electrodes, a discharge will run through it, since the Ieveis of a breakdown 
curves of gases are fairly low. Even in the case, where a dielectric blocks the 
direct way between the electrodes the discharge takes a detour path over the 
dielectric surface and never penetrates. ln this frame discharges in gas have to 
be excluded, since shockwaves are coupled fairly inefficiently into a gas, not 
able to crush material. ln absence of a gas the ramp time decides, whether a 
discharge takes a way through water or through a dielectric. 

U(t) 

Gas-

Fig.3: Breakdown behavior in liquids, dielectrics and gases as a function of the ramp-time of the 
high voltage pulse. The shorter the pulses are (measure ,;), the more the breakdown voltage in
creases for all materials. ln absence of gas and for ramp times 't below 500 ns, in presence of 
wateras the liquid the discharge prefers a path through dielectrics (e.g."stone"). 

lf transformer oil is used, even for lang pulses the discharge occurs unproblem
atically in dielectrics. ln most cases contaminations with oil are not desired, 
therefore applications and processes based on oil as liquid medium are not con
sidered here. 

At a ramp time of about 500 ns discharges run through water as weil as 
through dielectrics (see. fig 3), i.e. explosion- and compression processes as 
described in fig.2 are in balance. For reliable discharges mainly in dielectrics a 
pulse time is chosen below 500 ns. ln reality the discharge path jumps from the 
electrodes through the water (high ohmic) to a dielectric (low ohmic), from there 
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through the water to another dielectric and so on, depending on fragment- size 
and distribution araund the electrodes. 

The mechanism of crushing material in the lang pulse case is compression. Two 
lass processes are combined with compression, where the shock energy is car
ried from outside to the material (see again fig.2). First: the amplitude of the 
discharge generated shockwave decays quadratically with the propagation dis
tance. Second: the density jump at the border line from water to material im
plies reflections of the shock waves. lf R is a measure for the reflections and T 
a measure for the transition, then: 

R (w-1) 2 

T 4w 

where p are the densities and c the corresponding speeds of sound. 
ln the case of ordinary stone (p = 3), 2/3rd of the shockwaves become reflected 
at the border line. ln average both lass processes reduce the shockwave inten
sity on the way from the discharge channel into the material by a factor of 
roughly 10. 

ln cantrast to the compression case decribed above, discharges with pulse 
lengths below 500 ns run directly through the material, generate shockwaves 
inside the material with maximum amplitude. 2/3rd of the shockwaves are re
flected backward into the material at the borderline to the water, so that most 
of the acoustic energy dissipates in the material and fragments it in an explosion 
manner. Therefore this process is called "fragmentation by explosion". 

The energy consumption in the compression mode is about 1 0 kJ/pulse whereas 
the explosion mode needs below 1 kJ/pulse. Since the high valtage strength 
increases rapidly with shorter electric pulses (see fig.2), the output valtage of 
the electric generator has to be increased strongly in comparison with capacitor 
banks. Therefore Marx generators are used, where a number of n capacitors are 
charged parallel and then switched in series. The output valtage there is n · U; U 
is the charging voltage. 

2. Pilot plant for fragmentation - FRANKA 

At the Forschungszentrum Karlsruhe a pilot plant for fragmentation is installed 
(FRANKA, stands for Fragmentierungsanlage Karlsruhe). The set-up is similar to 
the scheme in fig.1, consisting of a Marx generator and a vessel for fragmenta
tion. 

The Marx generator is a suitable tool for producing the high valtage pulses with 
correspondingly short pulse durations. The generator has five stages, i.e.: five 
capacitors are charged to 50 kV parallel and then switched in series by air gaps 
to an outputvaltage of 250 kV. 
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The main operation parameters are: 

• Output valtage Marx generator: 
• Output current (maximum): 
• Pulse length (nominal until breakdown): 
• Charging voltage: 
• Repetition rate: 
• Energy per pulse: 
• Power consumption: 
• Electric efficiency: 
• Max. field strength of max. 2 cm gap length 
• Fragmentation (milling) power: 

250 kV 
6 kA 

200 ns 
50 kV 

5Hz 
200 j 

7.5 kW 
10% 

107 V/m 
1 to/d 

The low electrical efficiency in the order of 1 0 % results mainly on the high in
ductive construction of the Marx generator and electrode feeds. The oscillation 
frequency of the electric circuit (generator plus feed) is below 1 MHz, whereas 
the flash lasts only 100 ns. A new, low impedance Marx generator is in design; 
the use of a demineralized water filled pulse forming line to produce pulses in 
the 100 ns order are in discussion. 

The fragmentation vessel has a volume of 1 5 I and can accommodate approxi
mately 3 kg of fragmentation material per batch. The bottarn of the vessel is a 
screen made from stainless steel. A container below the screen seals the whole 
device. The screen is used for classification of the solid; fragmentation, conse
quently, can be conducted until all the particles produced pass through the 
screen. The container below collects the fragmented material. 

The high valtage carrying electrode penetrates into the polythene vessel. lt is 
made from carbon steel, which withstands thermal- and schock induced stress 
satisfactory. The electrode (diameter 10 mm) is insulated except for the bottarn 
end of approximately 4 cm. The electrode penetrates into the vessel to a dis
tance of 20 mm from the screen. The other pole is the screen, which is 
grounded. 

Wear measurements show that the loss of electrode material {both electrode 
and screen) is approximately 6 j.lg iron per pulse in form of small iron particles. 
These particles can be trapped easily by a magnet. The parallel switching of the 
capacitors in the Marx generator is done by air switches (ball electrodes}. Since 
the maximum current is below 10 kA the evaporation effects are still low. 

The appearance of free radicals coming from the collapse of gas bubbles behind 
the shockwave front is a weil studied process [3]. Free radicals are responsible 
for a strong wear (electrodes, vessel) in devices operating in the compression 
mode. The reason is the high amplitude of the shock waves. ln the explosion 
mode this effect is moderate, since the input energy is reduced by a factor of 
10. Measurements show, that in the FRANKA device the radicals are responsi
ble for the built up of ozone, hydrogen peroxide and organic acids. The latter 
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one come from reactions between the polythene vessel and radicals. Chlorine in 
water as weil as salt react with radicals to chloreform [4]. 

3. Fragmentation mechanism 

As already shown in the figures 2 and 3 for a special set of parameters (see 
chap.2) the discharge runs through dielectrics. ln a dielectic the current follows 
a path, where the conductivity is relatively high. ln a crystalline conglomerate 
(e.g. "stone 11

) the current streams mainly along grain boundaries between the 
crystals, avoiding a path directly though the electrically non-conducting crystals. 
Thus electric energy is deposited at the boundaries and develops a discharge 
channel, filled with low density hot plasma. The channel is built up by a fast 
displacement of the material in perpendicular directian with respect to the chan
nel axis. To stimulate a sufficient streng shack wave the energy deposited per 
centimeter has ta be 40 - 80 Joule. 

ln cantrast to canventional milling, this type of electrodynamic fragmentation 
first of all destrays crystalline conglomerates. lf the treatment is continued then 
even crystals became destroyed. The process is seit milling by mutual impaction 
of the crystals accelerated by shock waves generated in water discharges. ln 
comparison with the decay of conglomerates, the destructian of crystals itself is 
a more slow going process, of course depending on the physical properties of 
the crystals and finally on the mill gaal. 

The electrodynamical fragmentation in the explosian mode allaws the break up 
of heterogene material selectively. lf stone contains metallic (gold) or conduct
ing- or semiconducting material, as it is in many cases for minerals, the high 
electric field in the order of 107 V /m induces electric polarisations and field en
hancements at these places. The consequence is the built up of current paths 
along this places in the heterogene material and a selective break up. 

Other conglamerates, respectively compound materials like mineral-meta!, min
eral-polymer and polymer-meta! tend to decay fastly into clean material, ready 
for separation. 

4. Review on applications 

Experiences in the fragmentation of different kind af materials and pracessing 
methods are listed up in the follawing: 

• Opening-up af precious materials in mining, like gold, gems, minerals etc .. 
• Fragmentation of granite or similar materials into its constituent parts. 
• Fragmentation of hard material like Alumna, Siliconcarbite, Baronnitride etc .. 
• Fragmentation of pure silicon metal on a law Cantamination Ievei. 
• Recycling of concrete, respectively steel reinforced concrete into steel, gravel 

(undestroyed grain) sand and cement. 
• Spallation of cantaminated concrete surfaces. 
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• Recycling of composite structures, like spark plugs, electro mechanical de-
vices like razor, mixer, televisions etc .. 

• Preparation of stable Suspensions. 
• Destruction of cellular tissue (protein, starch). 
• Sterilization of water/waste water. 

5. Outlook 

Electrodynamic fragmentation becomes more and more a serious alternative to 
mechanical processes, as they are performed in mills, jaw breakers, crushers 
and so on. The philosophy in a mechanical separation process of heterogene 
material is to break the material to such a degree, that most of the small parti
cles produced are clean, respectively freed from other constituent material. The 
milling goal in many processes is 1 00 ~-tm and below (!). Under this condition 
most of the crystals become destroyed; the milling process consumes extra en
ergy. lt should be also mentioned that 95 % of the milling energy get lost in 
frictional heat. ln the light of these facts selective electrodynamical fragmenta
tion seems to be the better way. However, groups working in this field, use a 
variety of parameter sets, i.e. voltage, current and pulse length, in their electro
dynamical fragmentation devices. ln many cases the specific energy consump
tion shows no advantage in comparison with mechanical devices. ln addition 
most groups use powerful capacitor banks, where not only the material be
comes destroyed but also switches, electrodes and the water vessel. Therefore 
the parameter set presented in this paper (see chap. '2) allows to direct the elec
tric energy straight into the material; electrodes and vessel underlie a relatively 
low wear. The electric efficiency in terms of specific energy is optimum, how
ever relatively high Iosses still come up with the Marx generator for producing 
the high valtage pulse. Therefore in future developments some emphasis has to 
be focused to increase the electric efficiency of the pulse generators. 
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ELBA Deposition of Glass Layers on Hydrocarbon Foils 
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Abstract: Deposition of thin borosilicate- or window glass-films on hydrocarbon 
foils by means of pulsed electron beam ablation (ELBA) is a new technique for 
producing packaging foils with a barrier /ayer against gas diffusion. ln cantrast 
with borosi/icate g/ass the barrier effect of window g/ass coated foils appear 
with a time delay of about 20 days. 

1 . lntroduction 

Foils of hydrocarbon (HC) are used for packaging in many fields since they are 
cheap, easy to handle and not detrimental to health. The disadvantage for the 
use in food industry is the low barrier against diffusion of gases like oxygen and 
water vapor [1 ]. One famous exception are aluminum coated HC-foils, which 
show nearly no permeability for all gases. The thickness of the layer in this case 
is only 30 nm. These foils are widely used to pack aroma-sensitive food like cof
fee etc .. However transparency is demanded in many cases. Therefore com
pound foils are on the market, which consist of layers of polyethylene (PE) and 
polyamide (PA). PE forms a barrier for water vapor and PA reduces oxygen dif
fusion [1 ]. 

ln comparison to simple PE-foils, the barrier effect of compound foils is en
hanced by a factor of 2 to 3 depending on the thickness of the foils which 
ranges up to 150 ~-tm and the PA/PE thickness ratio. The material consumption, 
as weil as the use of expensive PA in the foil are responsible for a restricted use 
in the field of sensitive foods. 

New types of coating systems, where inorganic transparent material like Al2 0 3 

or Si02 are evaporated by dc-operating electron guns, are actually under devel
opment. Such systems waste energy and demand big efforts for cooling, since 
the melting- and evaporation temperatures of the above mentioned metal oxides 
are fairly high [2]. Other systems are based on CVD (Chemical Vapor Deposi
tion). The enhanced costs in this procedure result from the use of metal-organic 
chemical compounds [3]. 

A promising deposition system for metal oxides, or mixtures of them, is the 
pulsed UV-Iaser, which evaparates target material fairly stoichimetrically by 
means of ablation [4]. ln the case of ablation the thermal Ioad of the HC-foil 
during deposition is low. lt is determined mainly by the heat of condensation of 
the ablated target material and by light emitted from the ablation plasma. How-
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ever the capital costs of a multiple-laser-system for large area deposition, the 
reliability and the energy consumption resulting from the low electric efficiency 
of only some percents are serious obstacles for an industrial application up to 
now. 

The subject of this paper is the application of pulsed self-pinched electron 
beams instead of Iasers to ablate metal oxides like glass etc. The electron 
source is called Channel Spark (CS, s. fig.1) - a development of Forschungszen
trum Karlsruhe (FZK) [5]. Deposition systems on the basis of es are called 
ELBA. ln cantrast to UV-Iasers the main advantages of CS-systems are their 
simplicity and their high efficiency in converting electric energy in beam energy 
of about 50 %. 

Pulsed 
Electron Beam 

100M 

Ablated Materlai 

"'-.., Dlelectr1c 
Channelsparlc System 

Transient 
Hollow Cathode 

/Trigger 

Fig.1: Scheme of a Channel Spark (CS) system with deposition chamber. The CS-source consists 
of a small capacitor bank, which is charged by a 20 kV HV-source. By switching of an air gap (at 
the bottarn of the figure) the trigger is activated. Plasma in the hollow cathode generates an elec
tron current in the order of kA 's. The electron beam formed escapes du ring 1 00-200 ns via a 
dielectric channel into the anodic deposition chamber. A residual background gas filling of 1 Pa 
compensates the repelling space charge forces of the electrons and forms a self pinched beam, 
which is able to propagate in the chamber area some centimeters until it hits the target. The 
maximum electron energy is 15 keV. The repetition rate up to now is several 10 Hz (systems 
with several 1 00 Hz are under development). 

2. Glass coated HC-foils 

Since fibers of glass with a diameter on the order of some micrometers are 
known to be extremely elastic, glass was chosen as the barrier material. The 
thickness of a layer of 1 00 nm is expected to follow all curvatures of the foil 
even if it is folded. 
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Two kinds of glasses are under investigation, namely borosilicate- and normal 
window glass. The deposition system used consists of five CS-sources in a mu
tual distance of 6 cm. The distance between the glass-targets and the HC-foil is 
about 8 cm. With this device large area test foils could be produced (20 cm x 
10 cm). 

Air Pressure 

Pump 

Foil 

Sealing 

Fig.2: Device for measuring the barrier effect of foils against diffusion of air. One side of a small 
recipient is sealed with a test foil. Test parameter is the pressure increase versus time with 
closed valve. 

The growth of the layer in normal position is up to 1 nm/shot, depending on the 
operation pressure (which influences the efficiency of the CS-sources and there
fore the amount of ablated material). Normally layers on foils were prepared 
with 1 00 to 200 shots, which means 100 to 200 nm layers. These foils were 
checked afterwards for their barrier effect against air penetration. The testing 
device is shown in fig.2. 

ln principle a small-volume recipient is pumped down to vacuum. One side of 
the recipient is sealed by the foil to be tested. ln the first pumping phase recipi
ent and foil become out-gassed. ln the second phase the valve is closed and the 
increase of pressure versus time is measured [6]. The measurements were car
ried out for two kinds of coated HC-foils, namely polyethylene (PE) and polypro
pylene (PP). ln order to compare the barrier effect of these foils with compound 
foils (PA/PE), these are included in the measurements. 

Fig.3 shows the measurements for 100 ~-tm-PE-foils non-coated (PE 1 00) and 
coated with a relatively thick borosilicate layer (PE 100 (2000); 2000 weak ab
lation shots, which corresponds to a layer thickness of about 1 ~-tm). For com
parison reasons the barrier effect of two different compound foils with compa
rable thickness are included (PA/PE 150, PAPE 20/70). As can be seen easily in 
the case of a non-coated PE-foil, air passes rather fast through the foil. ln a 
borosilicate glass coated foil the diffusion has slowed down by a factor of 2.5. 
Thecoated foil shows a better performance than the best compound foil (PA/PE 
150~-tm). 

The results of window glass coated polypropylene (PP)-foils deviate from those 
of borosilicate glass coated. The initial barrier effect, shortly after the deposi-
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tion, is poor ( 1 0 %-effect). However after 10 days the barrier effect has in
creased by a factor of 2; after 30 days by a factor of nearly 4. Thus, 35 ~-tm-PP
foils with such layers have a factor of 2 better barrier effect then the thickest 
compound foil (PA/PE 150 j..tm}. This measurement is shown in fig.4. 
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Fig.3: Measurement of barrier effect of PE-foil, non-coated (PE 1 00) and coated with a borosili
cate glass layer (PE 1 00(2000)) in comparison with similarly thick compound foils (PA/PE 150; 
PA/PE 20/70) of similar thickness 

Up to now the reason for this behavior is unknown. Chemical reactions between 
the constituents of window glass and the hydrocarbon foil can be assumed. lt is 
known that ablated metal oxides undergo an oxygen lass [7] and are therefore 
chemically reactive. The difference between the two glasses is the appearance 
of sodium and calcium in window glass, which in this interpretation (one, or 
both) are responsible for this time dependent effect. 

Borosilcate coated foils do not show an improvement of performance with time. 
lt is even vice versa: the stress an the foil in the testing device (air pressure an 
the one side, vacuum on the other side) Ieads to a slow-going elastic strain of 
the foil into the hol es of the support (see fig.2), destroys the coating in these 
places successively (cracks) and therefore reduces the performance as time 
pass es. 
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Fig.4: Time dependent increase of the barrier effect of a window glass coated 35 J.tm PP-foil. ln 
comparison with the best compound foil PA/PE 1 50J.tm, the air diffusion is reduced after 30 days 
by a factor of 2. 

3. Pilot-Rollcoater 

At present a pilot-rollcoater is under construction - in cooperation with an indus
trial company - to coat PP-foils with a width of 60 cm continuously (see fig.6). 
The foil speed will be 10 cm/s. Two CS-arrays of 13 CS-sources each are ar
ranged below the cooled coating roll (see fig. 5). ln a first stage the repetition 
rate of the CS-systems is 50 to 100 Hz. ln a next step larger devices and repe
tition rates of several 1 00 Hz, foil speeds of several meters per second are 
achievable. 

1:1111
1 

Array "left'' Array "right" 
Fig.5: Perspective view of the two CS-arrays with 13 CS-systems (channels, capacitors) each, 
which direct their beams onto cylindric, rotating glass targets (black). The main stream of the 
glass vapor escapes vertical upwards. 
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Fig.6: Crossaction of a rollcoater to deposit a thin glass layer on PP-foils. Shown are the two CS
arrays of 13 CS-sources each(see fig.5) below the coating roll. The upper sphere of the roll 
coater shows the simplified mimicry of the foil feed (to the coating roll) and the storage of the 
coated foil. 

4. Outlook 

Ablation techniques allow the deposition of various materials to any material 
surfaces, as it is demonstrated in this paper with thin-film glass on HC-foils to 
gain a barrier effect against diffusion of gases. However the collection of tools 
to generate ablation is small- it consists mainly of the short-pulse UV-Iaser. The 
high capital costs and the energy consumption of UV-Iasers are the main obsta
cles for a wide spread of this technique in industry. The appearance of pulsed, 
self-pinched electron beams, produced in CS-systems, is a new promising and 
economically attractive device for the industrial productions of coatings. 
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Production and compaction of nano-crystalline metal oxides 

by pulsed power techniques 

R. Böhme, G. Schumacher, A. Weisenburger, INR 

An electrical discharge can be applied for melting and evaporating 
any kind of conducting wire. This "exploding wire technique" was 
formerly used for fuses, the generation of aerosols and shock wave in
vestigations. Jf explosions of meta! wire are carried out in oxidizing 
atmosphere the reaction products are oxide particles with diameters 
in the nanometer range which can be used for manufacturing ad
vanced ceramics. For the compaction of such jine powders to sinter
able greens dynamic methods are of advantage. A device has been de
veloped for this purpose. The Lorentz forces created in a conductor by 
a pulsed magnetic jield are used for the dynamic densi.fication of sim
ply shaped samples. 

1. Introduction 

The discharge of a capacitor may be used to melt or evaparate the load. The physical phe
nomena connected with a short and powerful discharge through a piece of metal wire were 
intensively studied in the sixties /1/. "Exploding wires" were also applied for the generation of 
aerosols, for the investigation of materials properties at high temperatures and for shock wave 
investigations. The final products of such an explosion depend on the electrical parameters of 
the discharge and on the surrounding atmosphere. Thus, in an oxidizing atmosphere metal 
oxide particles with diameters in the range of a few to 100 nm can be created. Such particles 
are nowadays of considerable interest for the production of advanced ceramies with unusual 
propertics, like plastic deformation at half melting temperature /2/. The temperature required 
for sintering powders with this particle size to solid ceramic bodies is also considerably lower 
than the melting temperature. For the large scale production of oxide powder needed for 
manufacturing advanced ceramies a new exploding wire device was developed and brought 
into operation. 

Forces acting between nanocrystalline particles cause their agglomeration but also hinder a 
densification of the powders by conventional methods. Considerable compaction can be 
achieved by application of a dynamic pressure pulse. Such pressure pulses can be created by 
detonation of explosives, and also by Lorentz forces of a pulsed magnetic field acting on a 
conducting medium. The last method is applied in a device developed for manufacturing small 
green samples. In order to prevent considerable grain growth during sintering of these samples 
- the final step in the process of making nanostructured ceramies - rapid heating with mm
wave radiation is under investigation. 

2. Production of nano-crystalline metal oxides by the exploding wire technique 

A device for the explosion of metal wires by means of an electric discharge was developed 
in the frame of a common research program with the Russian Institute of Electrophysics in 
Ekaterinburg. The device was installed at FZK and used for the production of Al20 3, Zr02 

and Ti02 (Fig. 1). 
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Figure 1: Device for the production of nanocrystalline oxide powder by the exploding wire 
technique 

About 4 kJ of energy are stored in a capacitor bank and used for the explosion of 227 mm 
of metal wire of 0.8 mm diameter. Up to one explosion persecend can take place. The reac
tion chamber is filled with a mixture of oxygen and nitrogen. During the explosion and suc
ceeding oxidation process metal oxide particles with a wide size distribution are formed and 
carried away by a purging gas stream. The particles are removed from the gas stream in sev
eral successive separation units. Very heavy particles are collected in a simple trap. Then the 
gas stream passes two cyclones for the separation of particles with diameters in the range of 
100 nm. The finest fraction is collected in an electric filter. The maximum productivity of the 
device is 1 kg of oxide per hour. About one third of the oxide powder consists of particles 
with diameters < 80 nm. The separation of these particles from the rest is at the moment not 
satisfactory. Better methods of classification of the powder particles are under investigation. 
The specific surface of the powder separated by the existing cyclones and electric filter was 
determined by gas absorption (BET method). It depends on the production parameters, like 
energy input per pulse and flow rate of the circulating gas /3/. At present the specific surface 
ofthe finest fraction collected in the electric filter is 35 to 57 m2/g. 
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3. Compaction of nano-crystalline oxide powder by a pulsed magnetic field 

F or the production of greens from the nano-crystalline powder produced in the exploding 
wire device a compaction device was developed in cooperation with the Institute of Electro
physics in Ekaterinburg. It was installed and operated at FZK. The device consists of a 
vacuum apparatus for degassing the powder in a suitable inold at temperatures up to 400°C. 
After thorough degassing the powder is dynamically compacted by Lorentz forces created by 
an electric discharge of up to 28 kJ stored in a capacitor bank into an inductor. The forces are 
either transmitted to a piston compressing disk-shaped samples or to a conducting sleeve sur
rounding a cylindrical sample. A scheme of the apparatus for the compaction of platelets is 
shown in Fig. 2. 

capacitor ba.tlk_ . h 
~ ---------SWltC 
~ 

'nductor coil 

powder 

Figure 2: Scheme ofthe pulsed magnetic compaction apparatus 

So far, samples of 4 and 15 mm diameter and 1 to 3 mm thickness were pressed, With 
pressure pulses lasting about 200 f.!S and amplitudes up to 3 GPa crack-free greens with densi
ties of 65 to 85 % of the theoretical density were made. Also, hollow cylinders of ca. 20 mm 
length, 12 mm outer diameter and a few millimeters wall thickness were manufactured. The 
production process is still cumbersome and not yet suited for industrial applications. The fine 
structure and the phase of the nano-crystalline raw material is maintained /4/. A scanning 
electron microscope picture taken at a fracture surface of a disk is shown in Fig. 3. 

The ultimate goal is the production of nano-structured ceramies by sirrtering the greens. 
Conventional sirrtering is strongly connected with grain growth. Therefore, several samples 
made of Al20 3 were quickly heated by mm-waves emitted from the gyrotron of ITP /5/. At 
heating rates between 80 and 100 K/s sirrtering started at 1150°C. During the heating process 
a complete transformation of the Al20 3 from y- to a-phase took place. By scanning electron 
microscopy a grain size ofthe sirrtered samples ofabout 100 nm was observed. 
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Figure 3: Structure at the fracture surface of a green made from Zr02 (SEM-picture taken by 
K. Spieler, INE) 

4. Summary 

It has been demonstrated that pulsed power techniques can be used to produce and to com
pact nanocrystalline metal oxide powders. An exploding wire device permits the production of 
powder in the kg-range. Simply shaped greens can be made by dynamic compaction of the 
powder using forces generated by a magnetic pulse. Both methods require further develop
ment: the powder produced has to be separated in narrewer size fractions and the productivity 
of the compaction device has to be increased. 
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