
PhysicsLettersA 163 (1992) 335—342 PHYSICSLETTERS A
North-Holland

CapillaryfusionthroughCoulombbarrierscreening
in turbulentprocessesgeneratedby highintensitycurrentpulses

M. Rambaut
57HRuedeIa Hacquiniere,Bures-sur-Yvette91440,France

Received11 December1991;acceptedfor publication5 January1992
Communicatedby J.P.Vigier

An experimentperformedin Kid in 1973 pavesthewayto a possiblenew modelofnon-thermonuclearfusion. The process
couldbepycnonuclearandexplainotherexperimentssuchastheZ-pinch andclusterfusion. Theproposedfusion mechanismis
basedonquantumtunnelingcombinedwith thescreeningof theCoulombbarrieroftwo colliding deuteronsby electronclouding
favouredby chaos.Possiblebreak-evenconditionsby thismechanismarediscussed.

The simpleidea of discharginga capacitorbank time. This current patternhada shapewhich was
into a deuteratedmediumhasbeenusedearlyafter similar to the onesobtainedin explodedwire ex-
theSecondWorldWar.In this researchfield themost penments:a relative maximumfollowed by a rela-
popularexperimentshavebeentheplasmafocusex- tive minimum, and afterwardsan absolutemaxi-
perimentsor the Z-pinch experiments.The under- mum.Theneutronburstoccurredonly afterthefirst
lying intentof suchexperimentswasto obtaina suf- maximumat a timewhich dependedon thecapillary
ficiently hotplasma(i.e. the so-calledthermonuclear diameter(seefig. 5 of ref. [11 or fig. 5 of ref. [2])
plasma)by using directly electromagneticenergy. andwould lastonly30—SO ns.Thecapillarywasbro-
The mediumdensityis of first importancefor the ken only aftertheminimumwhich occurredalso at
outcomeof suchexperimentsasexplainedfartherin a time dependingon the capillarydiameterandbe-
this paper.This densityof the deuteratedmedium fore the secondmaximum (seefig. 1).
doesnot seemhoweverto havebeenthe most im- This Kiel experimentis exemplary: the phenom-
portantconcernof thepeopleinvolved,with thesole enoninvolved in such so-called“capillary fusion”
exceptionin Kiel, Germany,in theexperimentsper- experimentsis hardly thermonuclear.Thisquestion
formedby Lochte-Holtgreven[1]. is clearly discussedin ref. [1]. Lochte-Holtgreven

At that time Lochte-Holtgrevenperformedexper- remarksthat the fusible medium,having a volume
imentswhich were apparentlysimple. They con- of about S.Sx102 cm3 (density0.7 g/cm3), con-
sistedof discharginga capacitorbankof S ~xF,200 tains3.85x lO_2 g of liquid which is heatedto 500
kV into a liquid threadof metallicconductivitycon- J. With a specific heatof 0.6 cal/gdeg,he deduces
taming deuterium.This liquid consistedof a satu- that the upperlimit for the temperaturein the cap-
rated solution of lithium in heavy ammonia, illary is about5500K, i.e. about0.5 eV; but hedoes
Li (ND

3)~which has a good conductivity, compa- nottakeinto accountthemediumionizationenergy.
rableto that of mercury.This liquid filled a capil- Thisvalueof 0.5 eV shouldmostly beregardedasa
lary, typically 7—8 cm long andof 0.5—1.5mm in- meanionization energyperparticle,plus the energy
ternaldiameter.In this paperweregiven somevery due to the accelerationby the actionof the flowing
importantdata(not found in othersimilar papers) current.Thishypothesisis in agreementwith thefact,
concerningtentativefusion experimentsby fastcur- observedby Lochte-Holtgreven,that a sufficient
rent pulses,i.e. the current in the deuteratedme- voltage thresholdwas necessaryto producefusion
dium as a function of time, andthe neutronburst reactions,the lower level being 150 kV, i.e. approx-
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400N51cJCAP11.LART ~ ,~ 1.2x 1014/s and 1.2x10’5/s, and the production
term lies betweentwo approximativelimits, i.e.

10_38<T< lO—~~m3/s.

In fig. 2 the thermonuclearproductionterm <ov>
deducedfrom D—D andD—T collision experiments

—

is drawnasa solidline. TheKiel representativepoint,
deducedfrom an equirepartitionof energybetween
the particles,lies completelyoutsidethe thennonu-

I clear range. One can thus conclude with Lochte-
‘5

~ I ~o- ~ ~~uTR~/SHoT Holtgreven that the nuclear reactionscannot beA causedby thermalheatingof the whole volume of
~ ~HII 3OSCNSEC the capillary.

As Lochte-Holtgrevenemphasizes,the accelera-~ I’
z tion of somedeuteronsat certainplacesup to ener-_L- SO-~OONSEC TIME giesputtingthemintothethermonuclearrangeisnot

moreacceptable,sincethis processis hinderedby the
Fig. 1. Figuresfrom ref. [2] showingthemostessentialelements very high density.He thusdismissedthe processof
which describethe capillary fusion experimentsperformedby ion accelerationwithin the capillary along the ex-
Lochte-Holtgrevenetal. ternalsurfaceof the plasmasomewhatcompressed

by the pinch effect. The processof ion acceleration
imately 20 kV/cm. It is alsoin agreementwith the from theinductivepotentialat the bordersof a sin-
numberof ions percm3, estimatedby Lochte-Holt- gle plasmaconstrictioncausedby the instability is
grevenasbeing equalto 8.5x1022 ions percm3. He
obtainsthisvaluefromthedensityof theliquid which
is Sx 1021 particlesof Li(ND

3)4 per cm
3, andas- T mi/s

sumingthat this moleculeis completelyturnedinto V D -T

ions of lithium, deuteriumandnitrogen. 4 KIEL Thermal heating

It is interestingto comparethedatadeducedfrom ~ KIEL~Electrodynamic forces
e. NRL1-CEA

thesimpleheatedmediumhypothesiswith theusual
X BROOKHAVEN

thermonucleardata. For this task it is straightfor- It, NRL 2 /

V /ward to plot the representativepoint of those ex- -io30 /
perimentsin theusualdiagramof logTasa function
oflogE,Tbeingthenuclearproductionterm, i.e. the /

meanproduct of the fusion crosssection a multi- /

plied by the meanion velocity v (T= <av> in the
+

thermonuclearhypothesis).So the production rate
R of the fusion reactionsis -io~°V

R=~N2T, (1)

N being the numberof deuteronsper unit volume
whichcanbe involved in a fusion reaction.

10_10 1 106 Eev

Taking the numberof deuteronsperunit volume
equalto 8.5x 1028/m3,the productionterm T is in- Fig. 2. Fusionproductionfactor (in m3/s)asa function of the

eludedbetweentwo limits, correspondingto thetwo deuteronenergy(eV) in logarithmic scale.The thermonuclear
curvesaredrawnasthick solid lines. The Tvariationsfor the

recordedrates1 0~and 1 0~neutronsin 1.5x 10 ~ BrookhavenandtheNRL2 pointsaredrawnasthin solidlines.

in thevolumeequalto 5.5x 10~8m3. Thefusion re- ThesupposedTvariationfor capillary fusion is asdrawnasa

action production rate is thus included between dottedline.
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also dismissed [11. Anotherinterpretationquoted currentelementbeing in fact a macroscopicobject.
by HandelandJonsson[21 isthat themostprobable The propertiesof this objectare in fact deductible
explanationof the disk formationis relatedwith the from specialrelativity by summingall the interac-
MHD instabilities.Thesausagetype (m= 0) would tionsbetweentheparticlesinsidethe conductor[5],
developas soonas the wire itself is liquefied. This andespeciallytheelectronacceleration[6]. Expres-
would causethe currentdrop.Thishypothesis,how- sion (2), integratedalong one whole circuit, gives
ever, manifestlycontradictsthe argumentsgivenby thesameresultasthe Biot—Savartforce,areasonwhy
Lochte-Holtgrevenhimself, sinceit doesnotgive any theyhavebeenconsideredasindistinguishablesince
explanationaboutthe mechanism(on particlelevel) Maxwell [7]. If oneconsiderstwo currentelements
which could acceleratethe ions involved in nuclear which areon the sameaxis, theforce is a repulsion,
reactions.Nevertheless,this MHD instability point whereasthe Biot—Savart (or Laplace)force would
of view leadsthe authorsto makean importantre- be nil: a collectiveeffect of currentelementswhich
mark basedonly in fact on experimentalobserva- doesnot appearin free chargedparticle motions.
tion. According to this remark, if a wire is usedfor The Ampereforce is thusa new candidatefor ex-
fusion research,it is necessaryto feed as muchen- plaining the currentinterruptionduringthe capaci-
ergyaspossibleinto thewirebeforethesausagetype torbankdischargeintothe capillary.If onegoesfur-
instabilitiesdevelop [2]. Even if the basicreasonis ther in this direction, taking into account all
different,thisobservationis evidentlyveryvaluable, electrodynamicforces,onecan calculatethe pinch
sincethe useof very fastcircuit breakerscanshape effect which is the samein the Biot—Savarthypoth-
fastpulsesandsosuppressesthe energywastagelike esis as in the Amperehypothesis.A simplecalcula-
in the Kiel experiments. tion canthenbe madeby assuminga uniform cur-

If oneacceptsthe hypothesisthat the mediumis rentdensityin thecapillarycrosssection.In thecase
completelyionized,this meansin otherwords that of the Amperehypothesisonestartsthe calculation
the 500 J energyis mainlyusedfor ionizationof the from the force actingbetweentwo currentelements
medium,thetemperatureof 5500K (or 0.5eV) does containedin the volume & Ety Ltz anddx dydz:
notcorrespondto any reality. But if onepointsout
the fact that the fusion reaction phenomenonis ~F= —~(I/S)2
markedlylinked with the current pattern,one has
thusto calculatetheeffectsproducedby thecurrent x [2—3(z/r)2] dx dydz. (3)
actingon the conductor.For this, it is necessaryto

At any point in thecapillaryvolume the integration
take into account experimental results obtained
principallyby Graneau[3]. Thoseresultsshowthat gives onecomponentof the force densityalongthe
theinteractionbetweencurrentelementsis correctly axisD

2 andonecomponentperpendicularto theaxis
describedby the“old” Ampereformula: D1. it is straightforwardto obtain forexampleasim-

plified expressionof thetransverseforce densityD1,
~ dm i,, ~dn which is good for the casewherethe capillary tube

AFm,n — r
2 hasa very low radiusin comparisonwith its length:

X(2cose—3cosamcosan). (2) y=R

D~=—~(I/S)2J logE(A
1/A2)

2Jdy. (4)
AFmn istheforcebetweenthecurrentelementswhose ~ —R

lengthsare dm anddn, with current~mand in. The
referenceaxisjoins the two currentelementsandis A

1 andA2 are expressionswhich dependon the dis-
tanced fromtheconsideredpointtotheaxis (Rbeingorientedfrom one current elementto another,ac-
the capillaryradius)andon the integrationvariable

cordingtoAmpere’sinitial convention;~is theangle
betweenthe two orientedcurrentelements,am and y:
an are the anglesbetweenthe axis andthe current A~=d

2+R2+2d(R2—y2) 1/2,

elements[3,4]. This expressionsatisfiesNewton’s
A~=d2+R2—2d(R2—y2) 1/2third principle (equalityof actionandreaction),a
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Theresult is the samefor this transversedensityif D~= —

onestartsfromthedifferentialexpressionoftheBiot—
Savart force: J [—12(r2+l2)~2+l] da, (8)

x
F=_~o(I/S)2&~~dxdydz. (5)

with r=lcosa+ (R2—Psin2a)~2,R being the ra-
The calculationresultcanbegiven as a function of dius of the cylindrical conductor,I its length on the
a geometricaltransversefactor G

5 whosedimension consideredside. In fact the most importantcontri-
is the inverseof a volume: bution is due to the current elementwhich is close

to the supposedvolumeunit. The sumwhoseorigin
y=R

is in the left side is equalto the onewhoseorigin is
= (1/S)

2 J log[(At IA
2)

2] dy. (6) in therightside,andthoselongitudinalforcesdo not
y=—R

give anyeffectwhile their sumisinferiorto themax-
The ion meanvelocity v, at the neutronburst time, imal strengthof the material constitutingthe con-
is estimatedby assumingthat the whole mediumis ductor. If this force increases,oneobtainsthe con-
ionizedandthat it is madeof the ions Li ~ D~ N + ductor’srupture.Theconductor’sruptureintobeads
(andalsoNi4~,N~,Nfl; using(3) and(6) oneob- is not completelyunderstoodbut is probablydue to
tains the following simple approximate,but suffi- a mechanicalstandingwave along the conductor
cient,relationship, turned on by the longitudinal Ampere forces.The

stresscouldthusbe increasedatthe antinodeplaces.
v=p~I2G

1&/m, (7) This hypothesisstill needsto be verified by taking

m being the unit volume massof the fusible me- very fast repetitivepictures,in the rangeof tensof
dium, ~stthe timebetweenthevoltageonsetandthe nanosecondes.
neutronburst. In fact, the currentI is takenequalto Giventheassumptionof thedependencebetween
its r.m.s.valueduring this time ~. theneutronproductionandthe electrodynamicforce

TheAmpereforcehypothesisisconsistentwith the effect, oneobtainsthe meanvelocity at the neutron
observedfactshowingthat the currentpath in solid bursttimetakinginto accountthemeancurrentvalue
conductorsis brokeninto beads.This has beenob- betweenthecurrentonsetandthis bursttime. If one
servedinexplodedwire experiments[8] (seefig. 3) assumesmoreoverthat the wholevoltageis applied
andmorerecently in manyexperimentslike the one to the capillary, one obtainsthe r.m.s. current for
ofNiffiekeer andMcCall [9]. Sucha conductornip- producingthe neutronburst:
ture is also shownin fig. 3 of ref. [1] for a tungsten ‘M = WIVAt. (9)
conductor.One canalso deducefrom (3) the lon- Oneobtainsfor At= 150 ns, V=200kV, W=500 J:
gitudinalforcedensityD5, actingontheunit volume,

‘M= 1.25x lO~A. The meanvelocity of a medium
which is equalto the sum of the forcesdue to the
currentelementssituatedon theleft or on the right point, situatedon the halfof the capillary radius,is
of thisunit volume, a good parameteras one canverify easily that thevariation of the geometricalfactor G5 is linearbe-

tweentheaxisandtheconductivecylinderouterpart.
With theseassumptionsthemeanion velocityis thus
at the neutronbursttime v=8.37X 102 cm/s, with
R=O.05cm, G1=2.5xl0~cm

3 (correspondingto
a mediumpoint situatedon the halfof the capillary
radius),m=0.7 g/cm3.Theion meandisplacement
is very low: approximatelyonehundredthof a mit-
limeter. The deuteron mean energy is thus

Fig. 3. Figurefrom ref. [2] showinghowatungstenconductoris 7.31 x 10~eV. At first sight this energyseemssur-
cutinto piecescalledusually “beads”.The tungstenwire is pho- pnsingly low, but without thiscurrent effect it has
tographedduringthecurrentpause(Uppsalaexperiments), beenshown that no accelerationcould take place
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given the high densityof the medium. The corre- reductionof theCoulombrepulsivebarrierbetween
spondingrepresentativepoint ismarkedlyapartfrom deuteronsby electronsin their neighbourhood)fol- V
the onededucedfrom the uniform heatinghypoth- lowed by quantumion tunneling. It is a matterof
esis [1]. going fartherandto takeinto accountthe greatdif-

The questionwhich now arisesis to understand ferenceof mobility betweenions andelectronsin a
why the neutronburstbeginsto comeoutjust when denseionizedmedium. It is not sufficient, in this
thecurrentbeginsto decreaseasis shownin fig. 4 of case,to considerelectronclouding aroundan ion,
ref. [2]. In facteveryion andelectronis submitted but it is also necessaryto takeinto accountthe ran-
to two forces: the one is the sum of the Coulomb dommotion of all chargedparticles.Two colliding
forcesdue to the neighbouringcharges,the second ions areassumedto createin sucha mediuma more
force is the sumof the electrodynamicforceswhich importantelectronconcentrationpoint. The conse-
are representedby the Ampere formula. After the quenceis double: firstly impoverishmentof the sur-
electromagneticionization wave, which lasts only rounding ions of their negativecharges,and sec-
somenanoseconds[10], the mediumis strainedby ondly reinforcedclouding aroundthe two colliding
thetransverseelectrodynamicforces.In otherterms, ions.Onehasthustwo causesfor changingthe Cou-
theelectrodynamicforcesimposeanorderwhenthe lombbarrier: local raising ofthe meanCoulombpo-
currentis growing. This orderis anorderedmotion tential (the mediumbeingneutralon thewhole, the
towardstheaxisandit couldprobablycollapsewhen averageCoulombpotential is normallynil) andlo-
the predominantelectrodynamicforce is not grow- cal lowering of the Coulomb barrier by electron
ing. Theions get the possibility to collide into each clouding. Thesetwo combined effects havebeen
otherandtheelectronsgetthepossibilitytomix with taken into accountby Rambaut [12], using some
them in a randomway. This situationcanbe called preliminary calculationsof Fedorovich [13]. The
chaos.This hypothesiscanbe submittedto the cal- phenomenoncanbecalled“double screening”.It has
culations,butonecanremarkimmediatelythat it is beennecessaryto use anotherproduction term T
consistent with the so-called “pycnonuclear” (formula (1)) than the usual one in the thermo-
hypothesis. nuclearhypothesis(T= <ov>). Onecanshowby di-

By definition,a pycnonuclearreactionis a nuclear mensionalanalysisthat in thedoublescreeningcase
reaction in a dense medium (from the Greek thefusionproductionrateR is a functionof thezero
~wicvo=dense).A pycnonuclearreaction is one for velocity crosssectiona,the barriertransmissionfac-
which the reactionratesare relatively insensitiveto tor F, the time lag 6, which is necessaryfor a posi-
temperature[11]. Theycanoccurat sufficientlyhigh tive-chargeparticletopenetratethescreenedbarrier,
densitiesand low temperatures.According to the andthe barrierthicknessL:
ideasdevelopedasearlyasthe fifties, in a densegas R= ‘N2aFL/6 (10)
eachnucleusattractsneighbouringelectronsandre-
pels neighbouringnuclei, thusforming a screening Calculationresultshaveshownthatanelectroncon-
cloudof electrons.At sufficientlyhighdensitiesand centrationof 10~to 2 x 1 O~aroundtwo colliding
low temperaturesthereactionrateis substantiallyal- deuteronsgivesafusionproductionratenotfar from
tered. Pycnonuclearreactionshold whenthe effec- the oneof the Kiel experiments[12].
tive thermalenergypernucleusis muchlessthanthe As claimedby Lochte-Holtgreven [1] thereare
Coulombenergy.Thisisjust thecasewhenanalysing otherexperimentscloselyrelatedto the capillaryex-
the Kiel experiment by electrodynamics.In fact perimentbut essentiallydifferent from the Kiel ex-
Lochte-Holtgrevenhad the opinion that a pycno- periments.For examplein the NRL 1 experiments
nuclear reactionoccurredin the capillary experi- from 1973 [141 andquotedby Lochte-Holtgreven
ment [1]. (Theterm“pycno-thermo-nuclear”is used in ref. [1] (theaddition 1 in NRL1 is given to dis-
in this reference.) tinguish those experimentsfrom morerecentones

As proposedby Vigier andthe authoronecanre- performedin 1987 anddesignatedby NRL2) the
visit this conceptofthepycnonuclearfusion reaction currentwaspassingthroughsmall diameterdeuter-
with the help of the Coulombscreeningtheory (i.e. ated fibers. The direct energyinputheatedandex-
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pandedthe thread,while gravity andpinch counter- wasestimatedto bemorethan 10 ordersof the mag-
acted.In fact in the Kiel experimentsthe capillary nitude larger than that computedfrom D—D colli-
playedtheroleofcontainmentduringsomehundreds sion data.Anotherresult of those experimentswas
of nanoseconds,and the greatdensity was main- the value of the fusion reaction production term
tamedtill the neutronburst occurred.The velocity which wasapproximatelyproportionalto the eighth
due to the pinch effect, calculatedin the sameway powerof the energy(seefig. 4). A third expenmen-
asin the Kiel casebut taking into accountthe exact tal resultwasthe dependenceof the proton yield on
conductor channel radius during the discharge the clustersizeat a given acceleratingvoltage: there
(i~ S x l0~cm), gives an ion velocity of 4.4x 1 0~ wasabroadmaximumin the reactionratewith afal-
cm/sandthusan energyof 2x l0~eV. The fusion loff towardbothsmaller andlarger clusters.These
reactionproduction term T can be estimatedin- experimentalresultsare consistentwith the double
eludedina ratherlargerange,between3 x 10 27 screeningmodeling [12]. If theclusterincludestoo
3 x 10—2~m3/s. The representativepoint is thus many D

20 molecules,the electronnumberis insuf-
largelyabovethe oneof Kiel in thelogarithmicdia- ficient in the clusterso that two D—D couplesare
gram (fig. 2). screenedcorrectly to insureat leastonenuclearre-

One can also takeinto accountan older experi- action.A biggerclusterwould benecessarytoobtain
ment performedduringthe fifties at the CEA [151. two nuclearreactionsin the samecluster.
It consistedof discharginga capacitorbankintodeu- In thoseexperimentsonecanassumethat theclus-
teratedtantalum wires. The information is scarce, terwascompletelyionisedby impactonto the TiD
sinceat thistimepeopledid nothaveanyideaof the target.Beuhleret al. evaluatethe fusion yield to lO~
importanceof thecurrentpattern.With a simplehy- s~/deuteronfor a (D20)~® cluster.The deuteron
pothesisaboutthis durationone obtainsa T value number per unit volume being approximately
andanion energyEwhich arerathercloseto theones 3 x 1028/m

3, onehasfor thenuclearproductionterm
of NRL1. This is not surprising,sincethe medium T=6.64x lO~0m3/s.
densitiesand the r.m.s. current werenot very dif-
ferent in bothcases.

In the caseof theNRL2 experiments[16] the me- 100

diumwasfrozendeuterium.Takinginto accountin (DO) 150 TD TARGET

this case,like for NRL 1, theobservedvalueof the
conductingchannel,whichisat leastequalto2 X 1 02

cm,oneobtainsanionvelocity equalto 3.3x l0~cm/ - -

sandadeuteronenergyequalto 2.6xl0~eV. In this ~ 10 1
casethe electrodynamicenergyis turnedpredomi- § I
nantly into randommotionby collisions.Thismeans
that the deuteronsare thermalized since the eval- Z

0 -

uated fusion reaction production term T is b
6.3x l029 m3/s and the representativepoint is
practically on the <civ) thermonuclearcurve.

It is also veryinformativeto plot the representa-
tive point of a different type of experimentper-
formedin Brookhavenby Beuhleret al. [17]. It con-
sistedof creatingclusterswith n D

20 molecules 200 250 300 350

(typically n=lSO). Those ionized clusters ENERGY (keV)
(D20) ~ wereacceleratedin a Cockroft—Waltonac-
celeratoranddirectedagainsta TiD target.The fu- Fig. 4. Figurefrom ref. [17J. Resultsof a preliminarystudyof

theenergydependenceof theobservedD—D reactionusing 150
sion reactionproduction term was pnmarily pro- D20 molecules.Theordinatescaleis protonsper 1000 sper nA

ducedby impact of acceleratedion clusterson the of clustercurrent.(Theprotonswerethedetectedparticlesin the
TiD target.The valueof the fusion crosssection ci Brookhavenexperiments.)
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Fora typical 300 keV cluster(n= 150) theenergy 1013 I

perdeuteronis 0.4 keV. Onecanthusplot a repre-
sentativepoint in the diagram (fig. 2), this point /
beingbelowthe thermonuclearcurve.Anothersim- I
ilar experimentperformedby Fallavieret al. [18] I
with deuteriumclustershasnotgivenany fusion re- 1012
action.Themodelingby doublescreeningcould ex- ~ 110

plain this apparentanomaly,the deutenumcluster
mediumbeing not rich enoughin electronsfor sus- Cc)

z
tamingfusion reactions~. 0

IX •
It is worthwhileto noticethat the mediumof the I—

~l0 .NRL2 experimentis also ratherpoor in electrons, w
z

whereasthe fully ionizedLi (ND3 )4 producesmore
freeelectronsavailablefor screening,given that the

0
ionization energies of lithium and nitrogen are •• :
smallerthanthe oneof deuterium.Thefully ionized ioIO .

CH2mediumof the NRL1 experimentscould have -

a similar richnessin electrons.But the differenceis
theexistenceof a capillarycontainmentwall in the
Kiel experimentandno containmentin the NRL 1
experiment.Onecaninfer from this remarkthat the io~ I I J I I

screeningconditions, which dependmuch on the
mediumcomponents,are perhapsthe samein the 00 200 400 600 1000

Kiel andthe NRL1 experiments.Theycouldbe dif- CURRENT (kA)
ferentin theBrookhavenexperimentsandalsoin the

Fig. 5. Figurefrom ref. [16]. Neutronyield asafunctionofcur-
NRL2 experiments.In this lastcasethe screeningis rentin theZ-pinchexperiment.Thefiber diameteris 80 t,tm.The
probablylessimportantbut is not non-existent.The yield is well representedby theexpressionY=7.3 X 1013110, with

computerdouble screeningcalculationshavealso I in MA.

shownthat the constantscreeningvariationsof T as
a function of E were representedby straight lines ments.Is thereanythingto infer concerningthe pos-
whoseslopewasbetween1.5 and2 in the loganth- sible dynamicsof the capillary experiments?The
mic diagram. This meansthat the r.m.s. current mostpessimisticpointof view is to confidein the
would be proportionalto a powerof the r.m.s.cur- calculation results (J8_J6). An optimistic point of
rent between j8 and J

6• In fact the NRL2 expen- view is to keepin mindthefactthat themediumhas
mentshaveshowna ~ dependence(seefig. 5). In a high densityfrom the beginningaccordingto the
clusterexperimentsasTvariesasa functionofE like remarkof Lochte-Holtgreven[1]. In otherwords,
E8, it would varylike J16 if thecausewerethe elec- the dynamicscouldbe at leastof the sameorderas
trodynamicforces.It showsthat the dynamicsof T inNRL2 (Ito). In fig. 2 the straightlinesfiguring the
variationsdependsdrasticallyon experimentalcon- measurementsof this dynamicsare drawn as solid
ditionswhichfavourmoreor lessthedoublescreen- thin lines.
ing. But thecalculatedvaluesfor thisdynamics(J8_ Consideringsimilar conditionsas in the Kiel ex-
J6) appearstobelessthantheonesmeasuredin clus- periments,the electric energy at the input is ap-
ter experimentsand in frozen deuteriumexpen- proximately SO0(I/I~)with I

1~n~l.25x lO~A. The

outputcanbe evaluatedtaking the two extremeval-
RI A morerecentexperiment,performedby Baeet~. [19], shows uesof thedynamics(16 and116). Theenergybalance

that titanium playsno role in theprocess,as they havere- is thusobtainedfor
placedTiD targetsby deuteratedpolyethylenetargets,andthey
haveconfirmedtheBrookhavenresults. 500(I/Ia) = 3.2x l0~(I/Is )~
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This equality gives the break-evenfor 10 14 fu- [3] P. Graneau,Ampere—Neumannelectrodynamicsof metals
sions, the r.m.s. current being equalto 5.1 x 1 O~A (HadronicPress,Nonantum,MA, 1985).

for q=16. For q=6 the r.m.s. current would be [4]A.-M. Ampere,ThCorie mathCmatiquedes phénoménes

8.6x l0~A. It is interestingto remarkthe straight electrodynamiquesuniquementdéduite de l’expérience,MCmoires de l’Académie Royaledessciencesde l’Institut
line joining the Kiel andNRL 1 representativepoints deFrance,Année1823,TomeVI.
(dottedline). Its slopecouldgive thegoodexponent [5] M. RambautandJ.P.Vigier, Phys.Lett. A 142 (1989)447.

for capillaryexperiments(q=12). Thecorrespond- [6]M. Rambaut,Phys.Lett.A 154 (1991)210.

ingbreak-evenparameterswould be 8.5x 1 0~A and [7] J.C. Maxwell, A treatise on electricity and magnetism

1015 fusions. (OxfordUniv. Press,Oxford, 1973).
We concludethat if sucha dynamicsis possiblein [8] J.Nasilovski,IEEETrans.Magn.20 (1984)2158.

capillaryexperimentsthe break-evenwould be at- [9] S.L Niffiekeer andG.H. McCall, Bull. Am. Phys.Soc. 36
tamablefor a relatively low r.m.s.current owing to (1991)2398.

[10] V.M. KosenkovandNI. Kuskova,Soy. Phys.Tech.Phys.the doublescreeningprocesseven in the mostpes- 32 (1987) 1215.

simisticcase.One hasalsoto noticethat thisdouble [Ill Astrophysicalformulae (Springer,Berlin, 1986) pp. 385—

screeningcould also explain the so-called“cold fu- 389.
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