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AJ3STRAC'l' 

. A~tely 108 neutrons per discharge have been observed from lihear . 

deuterium pinches. These neutrons origine.tecl unifonuly and simultaneously 

along e. filament at the center ot the Gl.isclw.rge tube , but measurements Of 

their energies showed that they ~rore produced by a small group of axially 

acceleratoo deuterons and;. tberefqre~ were not of tbennonueleo.r origin.· It is 

tente.t~ely proposed tl'm.t the deuterons are accelerat.ed by axial electric 

fields created by the growth of m =· 0 (''sausa.ge;..type''·) iJ:'lstabi.l:i.ties. · 

Work with tbe Pinch Effect at the Berkeley Rlldia.tion te.bora.tory eta.rted 

1n April l9tt8 vith equipment orig:Lnal..cy intended as e. :f~oausi.tlg deVice· t.'or tl1e 

eyelatt'OD. beam. 
1 · The constriction o£ the gaseous disc11arg!2 tqith higher cu:rt'ents 

'.: 
was noted and the importance o1' a s~trlf.cal· ~rent return. pa.tb determined. 

Wllen the Sherwood Project -was stal'ted, the information obtained from this 

experiment \JQS e.pplled to the problem of producing controlled thermonuclear 

energy. 

Several inert; gasea :were used in. the earliest studies. of the l1nea.r pinch 

for too Shertvood Project, 'tfith particuJ.ar emphasis upon helium l;>ece.use ot its 

low atomic weight a.nd the usefulness 'of the 4686. X ionized helium line for 

die~ti.e purposes. HrJWeVer,. it ".ras felt from the beginning thl:l.t the 
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detection of neutrons from D-:0 reactions \rould be a veey pat-Te1"'ihl tool for 

optimizi.Qg the operating conditions , so &a soon a.a there w.s spectroscopic 

evidence that energies of several hundred eleotron vol.ts could be produced in 

helium disebarges the gas was switched .to deuterium. Neutrons wre quickly 

detected and the ave;ro..ge number ot neutrons per discharge lm.s increased rapidl.y. 

A number of ex.per:tm:mts were performed 'Which ge.ve the origin of the 

neutrons :Ln space a.nr:1 time, and ·the effecta of variations in circuit p:lrametera, 

gas pres~, and impurities. All of the mea-surements seemed consistent l.l'ith 
.... 

a thel."rtllnUClee.r roaction except tho,t tbe neutron yald, 'W'.ai.ch event~ 

reaclled w8 per diseharge ~ was veey .mueh higber tinn had 'been expect-ed f+om 

sirnPJ,e QBJ.cu.l.ationa. 

In t~ end i-re wre able to 5b.ow by tteaBUl"e'lllent of the neutron energies 

that the reaeticms were not of tbe~lear origin but rather were produee4 

in the p~ by &ruterons vh1cll were accele~tcd along the e.xia of the dis

emrge tube to energie.G up to 2 x l-05 eleetrcm volts (seve:ZW. times the voltage 

across the tube), probably by vecy stroog electriC f.ielda produced trMSientl;y 

by m = 0 (oou.saze•tYIJe) insta.bU1ties. a 

II. THEORY 

·11:w Gimple theory of the dym.ma.e. pinch ie now ratlrer videly understood; ... lO 

so in this seet:i.on only a. brief' ~cy of same of: too ideas will be given. 

· · If a longitudinal electric fiela: !a· audden':l.Ys applied to a eyl,inder of iooiood 

l<J\o1 denSit(y gas, a ·l.ongit.udi!la.l current flows in a thin layer at tbe su.rfa.oo 

or the plaS!IJ3. and' the ~umn c:olls.pse.s rad:W.ll.y lJJ:'ldcr the ~i:e pressure. 

A shook wave p;ro~Wg the eUI'rellt sheath goes through the axis and reversef,> · 

the direCtion of the ~nt sheath causing tlle eol.umn to CXJ?-Zld. · The plaiD111a. 

rrs.y ~ and controet seve1~l times 'be tore instabilities destroy the ordered 



"6 

.. ,.../"'"'"-

motion. ihe tlteo17 of thte t'l104el baG b$en &we~ bJ Marahall. Boeenb~uth •10 

'l!le circUit le aho'VD 8Chemattcal.l7 in Ptg. 1. In the u:perlmente &t~ 

scrtbed here the s.n<1uctance external to the pinCh tube. is Dl1d1 larger than. 

the idJlctance at the pinCh 4urS.J:Ig most of the tsme ot interest, and· coDM-. ~· · · 

quent.lt the current through the p~ 111 I .. t
0 

ain at, • tJCV 0 ·sift t$1 

G> • .e,r (f~ ot the QU~Teflt cseUlatton) 

e o capaci tanee ot the conc18Daer bank 
' • ' • ' r ;~ 

V0 •. laitial Voltage al the CO%iC1eaier 'bimlt. 

'!he equation ot motioft ot the · cOutraotiDS piJlch ta deaoribed in de'tail 
t~.. . . . 

·in~ l - bue4 ·upon the ~ion of BDOV•pl~ ~ca ana.·. 

a thtn bow:adary ~ ~t. The tme rate_ ot Charlse ot the mcmetltum 

~ <the force. . . . . ··a.· 
· . d . ( clr) BJ. 0 . I , 
. ·•· · · · · -dt M dt a 8; Sse 25 ;J2 

1ihere _M _ls the ~ted ~a P,flr square centimetler ot the ccm:traetiDS 

~.$Udace. 

M a ....e... ., 2s1r 41' 
~ . . 

. . 

• L (a2 .. .-8) 
21" 

p .. tnltial' 4en81t7 1D s/=2 

r a p:lD.Ch radiua 
8 • 1D1 ttal. radlWJ. 

(l) 

(2) 

Vhett. the reautttDs equation 1• 11ltegrate4 trcm the tnttial l'll4tus to & 

..n t1nal. raMus Uke 1/ 10 a, the ts.me becomee 

~ • 1 •59 8 Ji. t100 « e aec0na.e <'> V 102 rJ. 
vht~ 18 111 good a8Eeeraeut With ~s uetns deuterium prea8\ll'e8 or !50 

ftd.crou to 5 mm. ot Bs. 

'ln1cal date taken on eacrh pulae W'el'e ~e cutTe1'1't tb1'ougb the p1Dch tube, 

the voltage acrose tbe 1Nbe and. the neutroa nux, aU aa tuncttcma ~ t1.me 
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(Fig. a). The voJ..tnGe s~l is equal to (d/dt)(LI), except for a. ~ll 

resistive drop, and the trace of Fig. 2 t'fl.iY be interpreted o.s f'ollow:s: 

A.. Full eoodan&er volte.ge is a.et"'ss the pineh tube • 
• 

B. The f!P>a is ionized e .. nd the voltage ie Ll + :m .. 

.. 
o.nd the inCrease in voltage is given principally by IL. 

E. The shOck 'We.ve ~iah has preceded the b~cy of the p~n.e. has gone 

thl--ough tb.e axis of the tube :aM it't'!'V'ersed tbe direction c.t motion of the cur-

• 
rent nath ~itlg. the si.e.n of too IL term .. 

• r. lL is still ~'tive but t;,be· ~~1ilJI:'d -~d ·at the C:W.'Tellt sheath is 

decrrea~. 

G.. The sOO.atb bas nade it" ~ radie.l e~sion e.nd is a.oout to mow 

tcma.'%'4 .the e.xis once more. 

H. tll:ru t. ~ the records of three more e()mpl--ession.s. In s-ome eases 

the. peak vo.lta.gee are nany tiines the vol~ ori.gj.nallf e.ppUed to the tube. 

At times lat0!' tm.n L (or eamet!lmes K) tll!e volta.ge tre.ce eon.sista of a very 

111gb. frequency noi&e signal la-sting tor ap~ly 10"'7 see after which all 

detail dJ.anppea.rs. Either instabilities fill the 'Whole ·tube with plaS1lla Qt 

this t• or the insuJC.tor be~s condueting. In either ~ the interior 

O:r too pinoh tube :ts isols.ted fran the exteme.l eireu.its. 

An est.illlate of the yield fran a pcssibla tnermonu.c~ar nmction is given 

1n the J.\ppen<U.x, wbare it is &howrl that a negligible number of ~tiona ie 
.~ . 
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A· ta!z~"tU! \ 

il'he pinen circuit waa desiSned to bave minimum ilJductP....».ee exte1:'1J1).l, to 

the piru!h ·tube so t.ha.t e. leorge ~ion of' too c<mdenser voltage 1<10Uld appear 

ac~ tlw tube ~ the ~nt ~rou.ld rise a.s l""£1.pidly a.s po2sibl.e. '.fW:o 

exeeptiorus should be noted t f'irat:J..y, only eaGi.ey- available condensere 'tiere 

used in order that there sm.lld be no delAys ~ l"e!')la.Cillg defective un:tte &ril, 

OO¢Qll{Uy, the pi,neb tu.be UJ.s .tl!Q"l:Ulted outside of the condenser bo:t ( 1nt!l:>easi1le; 

the inductance a~t) so tha.t m~uring equiplJlient ewld be plllced ea\sily 

mar the regions of :tr.rte:rest. 'lhe ~r bank conte.ined 25 Cornell-Dub:Uie.r 

o. 5 '1f 1 SO kv ~rs .8Jld ~~ther vith the spark f!PP bad an inductance of 

2 ~ 10 ... 7 beneyo. 

~tel¥ thirty pineb tubes -were buUt in eameet1on with t.11e experi

ments. caaeribed 1n this pe.per. Pis· 3 is an exploded viev of e. typical early 

tube sbaw'ilJg the bolted o-r:tng Seal system, a~ eleetr~a, ga,a connec

tions, the copper l"aturn e0114ue'tQr ·and cool.ing wter conneet.i.Qll$. Also anm.m 

~ the 7 .; em )£ 45 em quartz insulator and a pol.yetl:zylene ~leeve ~hicll sealed 

.in the ~ water. 

Pis. 4 1a a croa~ .. sectiooe.l view of another tube ot ~~t ditferent 

eanst~ion. 

fbe· voltage across the tube ~s monitored by using tile cooling water a.s 

a voltr~et diVider, fM:ld the current lms obtaimd fran non•ind:uctive Shunts. 

Pure ~ses were flushed t.h.roueb the tubes eontinuousl;y to reeluae the eou

~ problem. 

PY1"Elx tub~ was used origiml.lzy' but an examioo.tion o£ the voltage sig· 

rwole sholred i;M.t the p~ t'<'ldius rt..:.ma.ired eoo$tant tor abr..Mt om-half l'J'dcZ.O.. 

~d .lnl'lger tl'10cn ~ete..a._. indi .. eating that e. consi<le.rable ~t Of mnterial 
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Fig. 3. Exploded view of'.a pinch tube • 
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~· (!eta.:U was vis.ibl¢ on the volt.&ge trace; Fig. 5. With other pa.rameters 

'l,UlCba.nged_, one hund.re<i tjJnes as ~neutrons were produced with e. quart!& 

insulator as vith Olle made of pyrex. 
\.· 

The absolute n:tJilllber of neutrons per pulse 't4S.S obtained. '\lith a l.<.mg boron 

counter and calibrated Jto .. Be sowrt:e, but Tor dAy-to-da.,v use a lead-shiela..ed, 

~ium~tb-ated lithium 1od1de ceysttsJ.1 and photomultiplier surr~ by 

5 om of pe.ra:ffin was moa--e eOtMm.ient. The timi:llg of the t.IeUtron bursts was 

ootai.ned ·from proton. recoils. in ~ll vol.umes of pl.!.lstic ooint.illa.tor.. Several 

plaetie sc.intillators ~.re uood to ~, : tbe timing Blld rel6l.tive n:t.U:llben of 

neutrons £rom d.U'f'erent parte of e d1scba~. 'fbe s:patjal origin of the 

~u:tl"om.ll ws.& det.e~ vith pl.Gtetic s<.:intillators whiah -were cd.ther imbedded 

in bl.ocks of paraffin eo.'!lt&i,fi~ ctw.nnels of various size$ or hidden in the 

ear4' experiments aeeillad to be reas()l)l'l.bly eonsiatent with e. thetmanUclear 

origin of the MUtr<:'Jna, ~ree.s the later e,)tpe:rinlents eouelu.si¥el;Y excluded 

this possib.1llty. 

A. Y1el4 
J!l( ~~ 

leutl'<m y~ld.a as funetioml of deuterium ~e~ and e~nser vol~ 

for a 45 em lons., 5·5 c:m d~r pineh tube are shmm in F~. 6. The yield 

w.s predieted to if!4~ with in~.~ voltage (see ~peMiX) e.nd, 'too 



,o 

0 0.5 

PYREX 

r--------- QUARTZ 

1001'02 

. 1.0 r.s 2.0 2.s 
TIME -(p. sec) 

50,043 _, 

\ 

I j · j 
I . . / 



.. :, 

~108 
..J 
::> 

.Q. 

a: 
w ·a. 

.. (/) 
z 7 
010 a: 

·. t-· 
·~ 

. I • I . ·,,...,_,,, 
~. z :· . ,.. ~ . . ~ 

.:~. u.. 
·0 

. 4 

0:: 
w 
CD 6 
::EIO 
::::> 
z 
w 
(!) 
<t 
0:: 
l&J 

~ 5 

/ 

·.•, 

30 KI'LOVOL TS 200 MICRONS 
~· 

Jo~----~--~----~~ 
200 400 ·soo 10 20 30 40 

PRESSURE, MICRONS . SUPPLY VOLTAGE,. KI.LOVOLTS 
OF DEUTERIUM 

NEUTRON YIELDS VS. VOLTAGE AND PRESSURE 

IN 5 em X 45 em QUARTZ TUBE 



C?..used by imp~r ioniz:lt:l.on at l..a.rge field strengths has been disproved. 

T'mre arn Wdicati.oils that the insulatillg tube rm.y break dO'WD. before m = 0 

instabilities ( w~l are nmt t~ to be the . origin of the D-D :ref'...ctions) 

. llave srovn to J.a.rge o.mpli tudes. 

; of 
'rhe ~ neutron emission t.~as ~ at the time i_the third cootra.e .. 

tion of the pJ..e.sms.: c.lth.rugh. same t.ubes gave s*able yields on the second 

boot~ (Fig. ~). The stn:pe of ·tne :cw:"lfe io ll.ntel."est:Wg ill that it rises to the 

~ rate of ~utron emission in about w·B secGnds am t~n fal.:Ls to zero 

in approxl.nil.teJ.¥ 2 x w·7 se:cande, ~ ·$miesi.On at the t:tme at mmximum con .. 

traat1on and·~ eoorgv 1n the pinah :is consistent tdtb t~l.ear 

origin, but ~ s-~ rise in output probably e&l be expl.Binea. onJ.y by in

~ S<Zlme sot"t O:f' 1n$ta.bil1t;'J~. 'l'h1s 111Ul. be d1acussed in SGction V. 

c. ~¥¥ :2;! ~:ttJ.ci;a ~ ~.xial ~!?tmftja ~ield 

lnqlurit1es wculd lOwer the neutron output in tt-ro t43.y& if. the p~ 

exUted fOr a suf'fieient length of time: firntly 1 by reduei.ng the ioo ener• 

gies b¥ too -amGl.Ult require-d to io.nime the ~!ties, and secontU~ ~. by lOUeJri.ng 

the electron tem.perat.u.re by breiwat~. The ae·c:and effect ia ~ 

in these .expe.r'iJllenta beoouse there· !s iru.lut1'1c1ant til:oo for appreciable energw 

excl'le.nge ~n 1ans and eleatron::s. 

'i'he first exper1.manre.l evidence eanoem:tn.g ~1t1ea vas the one .. hund:re- . 

fold :J.ncrea.se 1n neutron yi~ld when the insullitor 1:-m.s C!haanged fran mn-eJ; to 

quartz. Con~t ga-ses were then delibere.tel3 intrOOU.eed and 'the observed 

wrie:t:ton of y1~l.tl with c~ixml.nt concentration is -shown in Fig. "(. 

' 
The yield e.J.oo cteerease.d ~tly when "Heak a.xial ~tiLe t:Leld.s were 

appl.ietl t.o the tube (Fig •. 8). It V'....l.~ be shown :te.t-er that this behavior 

ia diff'icro.) .. t to explAin in a r.nmrer c~tible "-"ith a tl--ue the~lear 
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. D. .~ §lltial Qr!sin of ~ Neutrons. 

1'l1e wd&l Ustribution. 

One ·of the first. mea.suremmta \res to determine· whether neutrons vrere 

pr<Xhlced at one of the ·electrodes or e.loJ:lg tbe Nti~h Lead•shiel.ded ple.etie 

seintil.lB.tor recoili; de'tectors in paraffin coll:S.ns.tQrs vere moved aJ.ong the 

e.xis vhile the total yield ~s montto;~."ed nth a L1I detector . oo·~eral f'eet 

away. In this me.rmer it was shown the neutron produ:ction decreased slight~ 

near the electrode~, excl.l1ding the 'bambardeent of adaOI'bed deuterium as a. 

produat1on mecbe.nism. 

Booause of the dii"fieul.ty of coll.ima.tf.ng neutrons 1 :ooasurement.s vere e.J.so 

nm«e· on o. pinch tube 90 am l01J8 and 5·5 em in tU.ameter, with plastic seirttil• 

later recoil detectors shielded oru.y eseinst ;a .. ra,ys (fig. 9). 
. . - ·--· . 

We rre.y 1.\BGllti:le tbe detector has a ama.ll effective area at e. diSta.nce of . . . 
4 qm :frcm1 the center line of the tuba, the swne vilen ~ from any. e..ngle, 

If t1le neutron pl'OdUtftiOll is tmiform e.l.ong the e.gia, the ca.ltruJ.ated relAtive 
will be 

numbel"s detectefl~,at a dist..a£tee z e.long the a.xis as shown in Fig. 9· Tire ~r1· 

mental s.greenent is quite g<Mld~ 

Because it was d.1ff1cult to collimate t-be t:teutrona striking the mutl."on 

recoil detector, it'\taa not posaible to determine tlw radia.l extent ot the 

s~ of neutrons proeise~. Rmrever, it \'1a.S easy to prove that the neutrons 

did not originate a.t the walls and, in fa.ct, -~ from a cylinder not greater 

· than tw centimeters in ~r. It was then possible to prooeed to a 

detector capo.ble of better a.ngu.;Jar resolution, JlQmi)ll.y e. pla.stic ao:i.ntillator 

re®"'.Ll detee't;.Qr in the ~badcr~ of a th.in wdge of scattering mteriel .(copper. 

and \:rolf'rGI;m vere fuwd). The. data. indicated neutron producrtion within e. 

·-
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cOUld not be achieved t<Tithout add.itio:nP...l dete<:!tm""S .because the constricted 

p.l.aslwl apparently m-.s diaplllood as much a.s 0. 5 em fra11 the geomet.rioal a.xia 

of the pinch tube during some of the dise."large& •. 

E· ·~ Sim\11~:\tY !?!.. Neutron Emias1qn A~ ~ Axis 

Two recoil deteetonJ we:x-e plaeed on the side of t'J:I.e 90 em lqng tube men

tioned in 'IV(l)), one of them at a fixed position as a. .monitor o.nd. the other 

moved parallel to the axis ot the ~ube. Althou.r)l same :random structure in 

time.· was observed from one d1seherge to the ne:;'tt, the onsets of neutron Gig

ools were aimul.taneous to within lO .. a .seconds at all pOints. The· uniformity 

1n intensity a.nd a:tmu.ltana1ty along the axis disposed of the poasib1lity that 

deuterons a.caelera.ted in a high electric ~ient near an electrode might 

rov.ct \41th ·deuterons along tha wd.s and tl'nlS be respons1ble for the observed 

neutron -produetiqn. 

F ~ iieutron En~rs;x Mea~tz 

Although the rapid quenching of the neutron production by small percent-

C~ges of impurities seemed to f'a.vor a thermonuclear reaction, tlw unexpectedly 

high yields forced e. continued search for sa:oo other prodUction i:necl::la.ni.sm. 

The .voltage across tbe pinch tUbe was a. fev tena or kilovolts e.t the time of 

t;toular direction, then it should be possible to i'1nd this out C:rfl careful 

.masurements of t!la neutron emergiea (Fig. 10). The hiatogrer.w of the foi."W.rd 
. ~ . 

direCtion (.: 10°) l"CCoil prOtOns produoed .in Il.ford C2 ~lear emulsions by 

neutrons emitted at 0° and 90° ( la'i:>oratol"'<J system) fran a deuterium-loaded 

tretal targ-et bomb.s.rded by 45 l{BV deuterona are aho-m in Fig. lle 

Ilf'oro C2 nucl.ea.r emulsions acre exposed at the sides o.nd at lO am f'ran 

t~w ends with the voltage c~pplied to the pinch tube nrversed :1J:l polarity. The 
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tube used for these rnett$U~nts eontained a ~ ·ern long, 7. 5 em !!11!ler d1eeeter 

qilartm iru.'"tllator and was fill.ed with 100 v. deuteriu:n. The condenser OOnl~ wee 

cllarged to 35 kilbvolts 1 but the l'I.e3isured voltage ae~s the pinCh tube a.t ·tbe . 

time ot tlatttron Emlission \«hS 10..20. k1lovolti:i. 

The :reeoil. proton hiatos;rams from neutrons end tted from the pinch tube 

e.t 0° a.rtd l&P to the direction Gf the ewllea ele..."*tric fiald are sbotm .in 

One sees that the ,sp3etra nny be interpreted as be:tng p1~ce(l by deutero!'.I.G of 

50 to 100 kev WhiCh e..:re mov:ls:le; p-a.rallel to the axis of the pinch tlJ.be &.nd 

bomba!"d.ini; other deutem:ms at rent-. In sene of the cases tl1e bQThbs.rdi.ng 

It seemed possible . tl:J:S.t under eertain conditions hip-)1 energy electrons 

might be prOduced by tbe sam mecmnism that a.Ceelemted the deut<?.l"''ns. Newly 

diseba.rge t-ube and sce..nmd for electrons of ~00 kev or DlQre, this being the 

minimum energy for penetration Cit the end .foil. Some electrons of'~ Mev 

'mre detected 111 eon app~rent.J.y statisti.oolly significant fashion. Umrever, it 

is possible that the effect is ~pu.rious, e.l.ld in arzy eventthe ele~ aecel ... 
' 



30 ~ 
~ i' 1--

~-
(/) 1--

~ 1--

·U ~ 

~20 
1--

1--

r- !-

l..L. -
0 -

~ 

I 1 

r 
• 

I I 

1.5 2.0 
I I I I 

3oci 15o\ 5o 
Eo (Kev) 180o 200 IOO 

I I 

,· ! 
. ' 

I I I :. ·r ., 

-

·-
-

-
-
,-

'·-

·-

3.o EN (Mev) 3~5 
I I . I I 

I I I I 

100 150 200 250 
., 
i 

: E·b·(Kevl oo 
l 

, I 



.-

-24- UCRL-3725 

V. llH'ERPRETATION 

The results of the experiment in which the neutrons from the dynamic 

pinch were observed are inco~eistent with a thermonuclear origin. The pro_. 

posed ·expla.na.tion of the. pinch neutrOn phenomena that tli'ill be discussed 

here is dependent upon the formation of the m ~ o, or sausage-type pinch 

instability mode. The rapid dynamic growth of this instability mode results 

·1n a rapid change of inductance of the pinch. The axial electric field across 

each instability resulting from this chaDge in inductance accelerates a small 

group of deuterons to approximately 50 kev per instability. The collisions 

of these deuterons 't-ri th the remainder of. the deuterons of the pinch give rise 
-' 

to the observed neutron production. · 

The empbB.sis upon deciding for or against a possible thermonuclear 

origin is baaed upon the recognized principle that, in general, usefUl power 

cannot be obtained from a fusion reaction unless the ions are in approx:ima.tely 

thermal equilibrium with one another. In other words, an accelerated deuteriun 

or tritium 'beam' incident upon a target cannot produce useful thermonuclear 

power because the irreversible energy loss of sloving-down in· the target is 

always greater than the reaction energy produced. 8 Even though these pinch 

experiments produce a relatively large number Of neutrons, unless these neutrons 

were from a thermonuclear origin there would be no hope of extending the y1eld 

to a power-producing value. It is therefore worth while to consider the 

evidence that argues age.insi! a thermonuclear origin. 
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1.} 'fbe tuat d ~ tm.tace ta tile enersr 41etr1but1oll ot the 

rec:Ou protem tn.o1UI to photosrapbic fJIIQl.etOD, apoaed at either end and the 

e14ea ot the ~ pro. tube. 'Dleae ebDVe4 tbat 1D one Ul&l. 4irectscm 

the aeutrou cauataa tile l'f)COila. vue ot a h11#1S" mean •-sJ thaD voul4 

CCII'I8 tZ'CIII • aeuteron coUietOD Whoae oort1bS.mi4 center-of -taa81 -. at reet 

relative to the f!lllUldtm plate•. the t.Dterpl'etatton ot tl\te center-of -mase 

vel~t t7 .ie tbat a deutel"'Ol ot 1IIM1l axiel ld.netto eners; ot !JO keV Gtrtkea 

• ~ at ren. The zoHultiDg rmclear reactS. Oil occura vs. th a IIOV'1Dg 

~-mau eo that ~ emitted 1n the forward 41zoectlon.haw a 

higher eD88f thea tbo8e 4Ueete4 baekaJ'cl. 

!be obaerNd Dfiu.tron ..._, 41atn~1cm cornapon4e4 to cSeuterona 

VS.th a mean u:1a1. e:ne• ot , .Jtev with a ba1t•w14tb ot% 50 kev. SOme 

~ DD.LSt :~ ~ aoc.lerated up to 200 keV to llave create4 tile c'b. 

lerftC1 neuti"oD Gei'SI. It the :voltase aci'OU the pt.Dch tube· ,... reversed, 

or the plAte~ eapoa« at the opposite en4 ot the ptnch tube, the corre8p0adtilg 

~r enti'&V llfttroD group vas observed. In other WOI'4e the aeutrone orlglrJate 
. . 

tlW a ..u. c1aae of ~ that .&1'8 aocelerated us.~ to a· htSll ve1.0ctty . 
ln the a.reotton ~'t wou14 correspcm4 to tht applied electn.o ttel4. 

· • : a.) A "* ·aatal. ~o tte14 ot ;o 'to 100 __. qu.ecchee tile neutron 

~ctlQtl. !be ainamtoa of the piae~) ··WOUld 1D41cate tbat a. compreaei<Jn 

ot 50 •- be ezpeatei. ·em the tiftJt botlltce, · tDCl'eafliDS to 100 oa the 8eCOA4 

·· bOunce. 'l!WJ agreee With 4ei1Utr ~ ma4e on a heliura p1nch ·br o~ 

\: ~DS the 8tat1t b!Oa4erdDS of ~ 11nea. With 8 ccmpreuicm of 100;. an 
( ~ .. 

\ .tDlual. ax:i.&1 tte14 ot UJO pua 'trappe4 s.utae the piDOh WDUl4 be mcreued 
'· 

\, 

' .. ' 

') 

.. , 
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· to lD ,ooo p.ua which te a trt vta1 pressure ~ to the plnch field o~ 

approxiaatel.7 100,000 puaa. The ettect ot an ·tatemal axlal tte14 em a thetm.o

auclear piDch vou14 be depeDdat upon the mtemai ·~z p:reenre ·coppared to 
. ~ . 

tlle exte.naa1 Be JN88Ul'e. ~ tb.eee to be caaapara'ble ve eolve the equtll-

. hrtum equatiOn: Ba • ife 
Be-a2~ 
•e •. ~ ~ 

u 

I' • 0.047 •• 

Bzo • 100 puN 

I • l!iO,OOO amp 

a • 

'l'h1• t.a a . cona1derabl1 ~~~&ller ra41ua tbai1 ··W01&14 be e&pected due to the 1~

tatt.cm of abo«$ p~a. It illlpltea a campreutoD ot 6~ which la two or;. 

4ere ot 11&8Ditude 1.araer .tban 1llea8\IN4 tor a helium pirlCh; 8114 ailld.larly unl.ikel.7 

to-r a deuteriua piDCh. ID other wra.a, -~· qua~· 0t the nntrou p1"04uctlon 

bt IJUCh a ...U aount ot u1a1 field euggeeta t!lat tbe pl'Otbletlon phenomena is 

ert.1tlcall7 aaaoctate4 Vitb. ft41i leaa thaD .05 eta. 

,. ) A VU7 8m&l.l. lmpuJ1.tJ ratio ot o .1~ argoa queChee the l'lfNtron praduc· 
. . 

1lcm. \'he_ quencldug ettect ot 1rllp1arl ttee ill a tbezw.mucl.ear piDcb WOUld be 

pl"'PPrtioDal. to·.the epeoUtc heat ·ot the tm.pur1ty Nlatl._ to tale thermal libel'§ 

ot e$.D81a parttclea. De ra41ate4 ~ power 1n tbeee short ts.mee 

(O.l li no) ·te triVial. • 'becalee then 18 har4l7 a el.ecton-iOD thermal.teattcm 

time availAble. The epecttic heat ot u 1llpUr1 t1 ot atOtatc DU!bber z 18 compftae4 

ot the eJleliD'. Me4e4 to strip e.wrO.-tely . z . el.eotzotut azul gl V8D them.. each 1tT 

energ. Therefore the apeoitlc beat of an 1mpllritJ relative to a cteuteroD. atom 
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VU1 be appro:&tllat;elt .2:4@ • z. l'heretore a arsoa etoa 8houl4 ad4 ail t1mu 
~ . . . . 

. the epecU'io heat ot • C~euteHurJ a1:om, eo that o.l •. tllpuritJ ot arsoa ahoul4 

be 01\1¥ • 2'/J ettect oa temgeratv.re. It the teaperature were hisb eD.OU&h to 

,. 
be. on17 a 10~ chaDse 1D ytt4 - 1D8tea4 ot ,e,n obaerved tactor ot ·e. 

4.) !he ·~ rtel4 aoee cot lllCftiUe ws.tb S.DcreuiDs ftltege u 

NP1413' IN 'Wlll4 1>e expecte4 ot 6 theriiODUOl.ear pi'OCeH • !be. 71el4. cv.rv8 

~ applte4 voltese actuall¥ 4eereaeu ~ betwen 1.10 aD4 50 kilo'volta. 
' ...... 

'l'h1a OOUl4 lie tnterpreted t.a tezu ot poonjo:lDltlal loM&atiOD.. vltb l"d\alttq · 

impalre4 plDch ~ceJ ~. the tilld.Dg ot. ~ ~c bounces epees Vlth 

the aCal.tng fl'Oil 111\lCh lower voltaaee so tba~ the 10Dt.!Bation proceae IIIUit 'be aut. 

ftotentl.y complete to trap the -.tor f'ractiOD ot the 8N. the htgher wltese 

,S.ft& an obaened aborter bounee t11ae an4 thel'lltore should 81ft a htgb.er tempera. 

ture. It the neutnm oz1.81n were tbemoauolear, then· a tncreue at temperature 
. . 

(pz'OpQrttODBl. to th applied voltage) ehOu1cl reaul.t 1D ' ttmea the rate ot ill· 
. . . 

creue ot neutron J1.,e14. the tact that a actaal 4acu'eaae ill )'iel4 vu observed 

Mtween !10 and !0 ke"t ta tncoutete!lt with • thelmonnclear ol"tg1n. 

'.) ae neuVon 71el4 te IIII10h sreatez. than. 'WO\I14 be apected from a .etmple 

ezaalpta ot the ~c pineh behavlor. (See Appen41x I.) 

the remat D'lDS experi.laeD.tal ev14elloe ev.pporta a thermmmclear oristD 

.a IIDl8t also be COillltatent. wt tb aD7 other theow or neutron Po4uctton. 

6.) The ttrd.Dg ot the aeu~ buret. ocnra at e1 tiler the 8eCOtl4 or tblrcl 

~c bounce ot the ptnch. ('l'he ft41u .,..._ ·tille bebanor ot the pudl can 

be obtas.De4 qualttatt veJ¥ trcm the lrldl&ete.Dce behavtor ot the p1Dch ae a ctrctit 

element.) 

7 •) The 1D1 tlal. voltage applted &Cl'088 the ·tube ta 50 Jd.lo'VOlta or lese, 
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8ftd at the time ot neutron pl'ocbtoticm 1e meuure4 to 'be between 10 to 20 kilo• 

volta~ 

a.) . 'l'he neutroD8 are pi'Otaoed UDU'ol'lll7 .along the US.al. l.eDath ot the tube 

. vttlWl a etat1at1cal. ugnttude ot :t 1~ at24 V'ltb 1m u:1a1. resolution ot :.t 10;. 

fJ!hta excludeS the pouibUt t7 ot the M~&tztou bet.q ~ by 4euteJ'cnl 'bcm· 

~tot 4euterlum ocolu4e4 on one. or both. electro4e nrtacea. 

9·) !he radial 41ftl"ll!NtS.oA ot De~Jtrcm pto4Dctt1on agreee with a rad1an7 

centered cltetrt'butlon of tuU ¥14th at balt aXSIIIUII ot 1 em. 41ameter or i.eae. 

The quart& tube cl1.a1leter 1& 7.' Cll. 
.. ..... 

10.} the ~ U"e pl'Oduoe4 etmultaaeouely a1oDs thb u1a1 1eD&th ot the 

tube to vi thin. 51> ot the trans! t t• ot • !j()-kev &Ntel'on from =e en4 a£ the 

tube ·to the otber. 'l'hla escl.udaa ·t~ae poeetb111t)t ot ~ 'betng accelerated 

b7 a aheath ·4rop at one eleotroae, 8114 ~lDS tocuae4 vtthiA the pinch, 

Jl'king colU.elona along the tuU IIXlal leDath. 

a. p110p0ael meabaniaa tor il8Uttoll production ctepen4e upon the 1Detab111ty 

breakup tit th• p1Dcb. fte volteae beWeerl the el.eOtJ'o4ee ot the ptftch u a tune

ts.on ot time clepen4s upoa the 11l4J.tcrtauce ot the p11lob as a cu.tt eleaent. U 

ve aa8\lle Uial. u.m.tcm111 qr eo tbat the 1'841ue at tu· plDch s.a unt.fol'lll W1 th ax1a1 

pOGS.tton, then the iDdw:tance measureaente give the p11lch ra41u u a tlmettOD 

ot time. '1'be first 'boUtlce asreee vl th 'the concept that the plnch compreaeee 

to 1/ 7 to 
1/s ot the ori81bal tube 4i81i&eteZ', henee the compreaeion ot 50 • The 

eecacl; u.4 aometimea third, bolm.cea e.re obaenable, but thereatter the o1l"CUl t 

~ S:a oDlj' 1Dtel'pretable 1ft tefta8 ot au 1Dfltab111t7 break1DS up the p1Dch. 

After. breakup ( wnaaJ.17 etter vbat wu1.4 e.pJeal' u the third bounce), the c1rcu1 t 

appeara ·as tt the cu.rrent wre tl.OV1ng on the 1ne14e of the Quart& tube wall. 

At very low CODdeD8er voltages, S) kil.ovolte and below, there eomettaea appeare . . 
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a 'lfJI:'1 h1ah wltase ~pike (l.OO,ooo to mo,ooo kilovolt&) at the tsme or the 

seeon4 or thi:rd boUnCe • The aboVe beba'ftor ta lD a&l'eeatellt Vlth the idea 

that atta one or tvo bouD.ces the taheftnt 1Databllt tie. have hacl· a chance 

to po1r to sutfictent. apt tude to pertu.rb sertoual¥, the 1D4uct1 ve 'bebaViOl" 

ot the piDOh. When tbte rate ot cbaqe ot t.naw:teDoe ts high enouab, the 

resultlDS ..oltaie can reaoh a valUe lfiBDI tilllee the applied voltage and J!dQ' be 

large eDOUQh to b~ down (volteae•V18e) the 1Ae14e 0! the Cl\l&l'tZ .U -

cauetas a tmrraoe curzoeat to tl.CV that te large ~ to taolt.te eleotriCiilq 

the p1nah f.rom. the exteftla1 o1rcNt t. 'l'hle le why 1:be veey h18b cimm1l.at1 ve 

voltage tblr1Ds Dfftl'tron proatlcttcm need :aot appear 1n the extel"aal. ctrcQ1 t. 

ae s.utabUttr III04e that woul4 t;t:ov taatest te the aaueage t1Pe (ill • o) 

where the pl&Gma t.e 'necked' ott 111 one or more pl&cea. Tht.s 111:018 ehoul.d 

grov taateet because the rate ot 1.DCrea5e ot preaaure (Be 2/Ssr) te more rapid 

-tor a amal.l oliaDge 1D pinch ra41us r tharl ie the 4Uf'erctial pressve tor 

the k1Dk tnatabUtty (11 ~ 1) tor a 8maU IJiipUtude. The rate Ot' growth of a 

stven vavaeagth 1Datab1Ut7 18 ex,Gtselltial tor. eo empl1tu4e maaU· compared to 

bOtb the.~ ~ 81lCl .ptnch raat.ua r. 

Aa the empUtu«e becoraea larger, the tzro\l8hfJ ot aasnetic field gi'OY1mg 

i'BM.:t 17 1mnsr4 speed Up dl1e to the 1norea8e4 arapettc field preeeure ot thfi 

.,.,,.,. ra4tua plllCh-. '!'he. reaulti.zas'·.'lt8Cld.ns ott• ot the paell cauees an 

axial floW .f:lt plaSma tbat eapan4e the p1Dch 11mlle41ately ~ to 'the 'Mck' • 

'l'bie aon .. 111iec' co\q).Ual ten4a to apace the infltab111t1es resuJarl7 eo tbat 

the conf'tgun.tiOD expecte4 at the time ot the second or third bouace ts a 

~ee ot m a o 1natab111 t1ea l'el'llarlJI' epMeci. al.on8 the length of. the ptncb. 

2hta te ·CODf'int64 by ttme-nsolved. :p1.cturea taken at toe Alamos ot the p1».Ch 

at tbia t'1me. The apactng. corre&pQn4tJ t> a wavelength . equal to the pilach. 41ameter 

at the 8eCOJl4 bounce wh1ch t.e 111 agreement w1 th tbe pred1oted 8'tl'uOture ot the 

ncm-li.Dear 8l'OYth ot the trough • 

. · 
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Be · · ot the 'lieek • or ti'ougb aa 1 t 8J.'OW8 ra41al.l7 1BVar4 can be .·~ 

4ertve& OD tAe·baas.a ot a iiaplltte4 ~cal1104al. Once the 

s..d.tt-.1. iDatebutt¥ baS sro- ~a emplttuae ~to 1/~ the ptnch 

ratiua, tben the ~c tiel4 pre1.-e at the pot.Dt ot ld.ri1mum radtue 

U awro~ tv1oe ae greet ae the Plaema praeure - U8111d.og that 

the On81Da1 s;rowtb _. troa • equtllbrS.UII nAiua. . 'lor an overpressure ot 

a or SN&ter, the fl.OV veiDcittee are aoveraed. priurU7 b7 shock ~ 

~· ~ lD th1e oase we vU1 ae8Uile the .sucnr-plov III04el vhtch te 

sutttetentl¥ accurate rar ~· approxt.mat1oD.. The plalllla magnetic field 

m1a.e4 'b7 the l)i'eanre cUtterence. aace • are ~ 1Dtez'este4 tn tbe 

tbatabUlt7 8bape a~ ..U 1'841u, w wt.U aeanae the maadtic tie14 pressure 

ts &ta,e IZNOb sreater tbaD the pl.a8lla peaave • 

tt • 1n1 tid i.Datl.bt.u. t7 (J'is. 11a) goa from a equUtbrtu piDch ot 
,·~"·; . I . 

·ft4tue l" 1 11ha the ~~tJ' ot ete17· poillt 01l the r ,z curve_ deecribina 

tbe . tatertace lhape vtU 'be .deptm4eD1; upcm the Jft88\U'e sa,&. For ll'lOW• 

plo'v. ~d;FD&mica the peahN equ&la the time rate-or-change ot ~. 

eo tbat to th'at approXtliatton · 

P • !f •. to» u2 
&..c 

·. 

p. 4eutty 
u • velocity ~ 

to the ehook. 

(1) 

(2) 

(J) 
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Qua·rtz tube 
radius R 

Fig .. I3- .. Growth of sausage instability with 
resulting electric field. 
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1" 

~ +" (4s/4r)i 

"1 

,Ji + car/a{a 
it 

·fhte gS.vee the 4,0 trtaDsuJ,ar ... at fts. U'b, wtc le ot course only 

an ~em, but tt -shoul4 'De tat.ri7 val14111 the reslOD ot "the apu or 

ra41111 III1Dlrl\lll • 

A voltage will be cteveloped be't1aeeD. each t.netab111t7 lobe beoaUae ot the 

tate ot cbatige ot 1rl4Dotace •. · 

v •. .!. (Lt} 
clt 

"dL< 4t 
•t~i-L

dt 4t 

L • f.rlductanoe 
X • Wft"ent 

... 

ae total wltaae &Oi'Oila ~ p1DCh t.e either the applied ..olteae, Which 1e 

.emall at eecon4. bo\m.oe ttme, 01' 1e leae ·than tbla because the ill814e ~ 

-.11 ,.. shorted 4ft S.teelf', 1D vh10 caM 
•· 

xl •r. S. 
"'" . 4t 

or 

(4) 

(5) 

(6) 

(8) 

(9) 

(10) 

(U) 
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· the total tnaetace Of the plnch 'b)' .er, .iil\J.Cth ( ~ ~-), the CUITent I dlJrtDg 

·the tmltab1Ut7 growth tends to ~.·eoaatut. Therefore the wltage aeroaa 

·a·. st~ s.utabWt, 1e 

lNt 

. L iii 2 X 10•9 X 2 
~'t-~'f .. J !,.;a. heAries/•· 

t't B • oute14e condllctor l'US.us 
r • p1Dch Z'84tua 

rr • 111»1wa t.utab1Ut,' n41ua 
a • azlal poa1tton 

r1 • 1Dtt1&1 p1Deh ft41u, 

r1•~"t 

L a 4 s 10•9 { .· a~ dr 

1-r . 
o r'•l",p B rt a J IIi 4 z 10•7 

. v e Ura ,. .. - 1) •- (.ID-- 1) • . a . '"t•rt . R ~'t . 

The ts.me t!ezoS.fttive of the trl(luctezld ~ 1Databll1t7 .~ for 

•t << ~"i 'becomes 
• tf •. 4 x 10"'9 .f. (m rt~"f + .CD~--.) • 

(12) 

(14) 

(15) 

(16) 
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r, * ..• ,., em.. 

a -= 3·15 cm • 

rt a. .05 =· 
.ate te 3W1t the ra41ue ··&1; wbtch the d&l.CU.lated eaial mapetic fteld prenure. 

of 100 181188 .abo\114 atab11Ue further -~ftab.1llt7 8f'O'Wth ant\ quench the neutrons. 

the ton& C81l croea the magtlettc f1e14 betwaerJ. lobes by be1fl8 accel.et'ate4 
. · . . ;.;:'·g7;'~\a..ter·~'- . 

·b7 the electz1.c tt•l4, becauae th~r 1an10r l't.41ue{le ~ ~·:tun the lObe epactng. 
'. 

1'b$ etdes ot the lobe are 2r &pUtJ tlle raagt"tetic ttel4 te. 
. . SlO .fs . ., ./1 r 

LaftM)r 1'641ue. r» • 8 .. or 1"1) ~ · JO,OOO • 

ror u 1oD to 01'088 the gap 1D a s1081e cytt.o14 oJibi t 

1.4 I'D • 2r 

a a 36~tev ~ 

~.ooo ; the 
r 

Ute. taDSe of en ~lerate4 4eutuon in the plalma ot the lobes caa be 

ca10Ulate4 tram the 8lcni1Jtg.4Qe .. ttme · 1'. the time necestarJ tor the 4eute1"on 

to lose 1/e ot lts ~ ta 

(18) 

.,. • 1.1 a 1012 ,3/a · 
·u. T u ~ ill kev • o.1 

fte 18 electi'OD c1ene1 t7 • l. 7 X 10l8 

. 1' Ill 1 ·1 .. ,,.12 0.03 
• ... .IN. · ·ts 

1··7 z 10. 

... a 
• 2Xl0 lee • 
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1'be.~~ t"Ug6· tor a ,_.kev ~ 1• 4 em. WhiCh 18 too long 

bJ' a taotor ot .4 •. A ~ of 2 . 111 ~a$8~1 electftm ~ .ad a. iD-

. oteue 'Or a 1a ~• eou14 eaaUy acco\mt tor the 41ttereee. KowveJ", 

the lcm&•1"&1188 wu14 lncU.cate 1'.Jat a ...U cl.Ua ot part1cle8 COU14 be ao• 
. . 

eel.eated fl"CCIl one f.natabtlttf to the n.ext S1 vtDa 11\lCh h18hC' enerstea and 

~1 ezpwmns the tev Vflt1l Msh eners.v 4eutero1l8 observed. · '1'he ·eame 

prOcfJee \itNl4 app17 f~ eleetftmS U 1t. vei'tt not tor the 4Ut~ty .of thMr 

CrosM.Ds tbe h1sh masnett.e f1e148. 

. A caaapanacm. oea be maaa between the propoee4 in.tU1lttJ' Mdfllez'att.on 

aiecbaniaa eDd the ~·db~. 
·,!'~ 

1.) A emaU. el&se of htgh et.terBJ tldal17 aeeel.et'ate4 ~ should 

81'11 rs.ee to a tcmrat'4 peake4 aeutroo 41stt1.bu'tion. The vs.ae observed Vldtb 

or tu &.atribution ca be caued b7 the bmtas ot the dsute1'0n traJeCt;orS.ea 

ill the ~ ·magnetic ftelde ol the. tiurtabtU.ty • 

e.) ·A 1I8M &'l1al. mapettc ttel.4 Of 100 -.- lhOUl.4 etablll&e the m = o 

·~ at il:i8tab11it¥, tor ftdll lees tban o.o5 •• lbia 14 .1UiJt the ort.tical 

ftl4tua to 61cb • SUt&b1Ut7 must srw to Cl'eate the acoelerattna voltages. 
/ 

. mifl)lt .. be .aseoetatecl 'With- 'the 1oD 1J)Jeet1on aechaDtllrD into the accelentiDg 

·eleetr1c new.. A 'boun4ad7 1a7er 111\lS't utst betwen the tDalllettc ts.e14 ana. 

pla«Jma ~ the ~111 tr Sl'O'wth. 9.'hf!i charaotel'tsttce ot such e. l,8fez. · -
. . 

8l"e that the 1.0. peaeUate intO ·the ~1c ft.e14 ~ than the eleotrona. 

fh6 :reaulttns chal"ge eePanttcm eleett1.0 ti.el4 ·tuttte the 1cme aawa4 in a 41a-
. . 

tam.ce 8III&U OOUlpaZ'e4 to the ton IAt'm.Or ra41ue ., AD iOD of ealler 

(Zettecttve>C•/M) WS.U ~te ~ tnto the 'ftiCIU\C regtcm; 11Wl.cl feel 
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llOl'e of the &eceletatitaS el.ecWtc tte14, d4 llliSllt 'be pretereat1elll ac• 

~ ill.· the tDI!itabUltt bNttmp procoe. l'berefore, a III8U number ot 

t.mpurltJ t.ou t!lat u.w ret&tnet acme om~ el.ectJtou mtlllt be pnterentt&U7 

ecCelerate4 and reeu1t iD no uutrofll~ ri tb18 esplaliatiOD ta true, theft 

a aaau 144ltt0n er tz1. U.um .-14 be expec:te4 to f!lve a 4lQ:oport1cmate17 
. . . 

bif#ler aeutroa rte14 thall the n.t10 flf. Cl'Oft-eeotiou 1JOUl4 1D4tcate. !bla 

~ ua been Ui.e4 at toa AlemDa vs.th negative ft8\llte. lt ta ~ 

.Ngtate4 tb"t -a W17 rsmall lqmrtt¥ a441:ticm ·.u eoo1 t1ie el.eatroD tentpera.. 

tare b)' 1~10 e.ttatioll c>t bo1m4 atQmU· leftl.e. If the elMttoa 

~ ie 1.0\Wsl'e41 the ~ l.arer- vt.U ~ thicker tm4 the dr· 

raamioe at 811&11 1'MU. · 8111· be tmpdre&. 

4.) '!he il8l1trOD yt4d.4 aa a tu:Dotiem of &pp11e4 volteae 1l1&bt 'be ex

pactel to level out ~1~· 1Datab111 t7 ln'e1IINp ~ltaau ba4 l"eaahed ~ to 

100 t.ev. ~ rather vtaa f~ lo 71•14 mtaht be apecte4 tor 

a statf.attcal p1'0C888 Of a ..u 1l\1ll1ter ot tutabUlttee • 
• ~ ~:> .... 

5··) !be llftt!'On 11el4 ti"'OI a ~ fi'OC888 ta utim&te4 1r1 Ap· 

· pen4S.a 1. ._ae ~ )'leU tl'QII the sast.btlt:tr breakup .proceu can· be · 

estUatea. wlth ·• 1oJietio Ulrd.t hom a ~ 1111ltte4 cuneat. Tbte 41a

ouutoa tol.low8 We 11- ot OOilpl.'l'i*ODS. 

6.) ~ tiJidJla ot the ~ ~ ftth tile tim~!! in the pi.DC!l 

hla'to17 were one W\114 eapeot tutabtU.ts.ea to bave .gron to 1arp amplitude. 

the 11'841-ua verap .time bebavtor oaD. be uee4 to C&l.O\llate the upecte4 breakup 

'VOltepe. 

7•) ·For weak plaches (111&1.1 ~) & au44eD rie8 U ~ltege CD be 

obee1'Ve4 at the pillch ~c ttme at whiGh one WDU14 tlXpect neutrcm8. lloftver, 
. 

a-t bilb.W pf.neh ~ the lhortlDa etf'ect ot the tnaul&tor ( quarte) vall 
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lllUBt be .i!ffOJ&ed to $q>Wn the lU1t at obsened. e:x!tei'Dal high 10ltasu. De 

ciiNottcm ot. 6Ceel.etlltt.on le t.o ~ wttb the change_ of 1n4uotance ot 

the Jmow eurNnt. 

·' ttl·-~ vt.tb. the ~ 'fltbtn the areeolutton ot the ~· 

· · lD.) l'he tbe0%7 wu14 pteO.ict tba't tl1e Ul0tab1111i1ea ahoUld srov DS.mul.

teaeaas1)' wttbin a ume emau ~ to u. ttme ot the th1r4 bounce. The 

tbU4 bouace time ta ot the · cmier ot · 5 to ·10 z 10•8 MC eo tbat the obeert'ed 

at.rJDil:tan.et.ty of.· i 5 a 10·8 eeo t• ~lA. 

'Jbe ~ted ~ per lObe ·eho1114 be greater than· the apace.obarp 

1uraited ft1.Ue btoati$e·Uiere ~ Ulet both eti .ton and e1ectron 4eDM.ty 

areater tbatl the ~ ~UiM ft1lle. AD ton CtaTe&t ot 1000 

.. et4Pe/J :&t 50 ~ ~ ea electiOn 4anel~t of 0D17 3 a wl' tor ~1-. . 
~ion so that a :atrons. eleotr.S.o ~4 WUl acoeluate a ft1Z11 ach greater C\U'I'el1t 

t ': 

thim the -~·charSe ltmitea w.llle. ~ .U" the eleotroD c1tmaitt out8i4e 

the p1nah tt o.fl!l,· ot the ·vaJ.ue 1Utc1e (._.·1 .. 7 ~ 1018) tt ts poaaible that the 

11bo1e CUJ.'Nnt ot the pSllCh cea be ·OU'l"te4 epace--chU'ge tree 1)J' the 1cma. 

'.l'h1s mt~ occu.r· 1t .the 1astabUlt,--~ ~td. ttae el.eotft!tn aurrent 

'b7 the lll$CbaD1em .Of ·t.Dcreat1DS the mtetance ot tbe 'necked' region • 

... Gp&ce...charge 1smtte4 ·CUI'l"eDt, ln pl8zle ~. oD the a881111pt100 

. tbM the ~tc fie14 ta ~ ~ to pl"eV'at ~ trcm bet.ng ac

celetate4, .. 18 . 
4 2tt f'/2 . . ' 

s. • iKt' ,a •1•2 . 
stace we are 1tlterelte4 1tt OJil1' an ·a,pl'OZS.rD&te .lover 11m1.t, w WUl neglect 

V .fit voltase • , ttev 
4 • ·~~paCUs a r 
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' 
'!hi lobea ·are ~ ·Q&Oet ales the 1eDith ot the tube 10 =· 10Dg 

at ~ = 21"0 • o .7 em. ~retore 100 lobe• vtU 81ft • .peak Oll1'l"eD't ot 

,· 

76o -·' ' j 

' 
~ . 

.. 

. .. 

'J.he 1-.rth O't tsme · tbat 'the iDIIt&bUtt)' 00Df1gurattotl Jhou14 mat s.a 
L ~ the tsme tor another 11lstabW.tr to l!,f'01I to u ~S~Qplttude-~ to th$ 

ptDcb ra4lua *'o• 1m1.rc thie tt.rae ot app~ 0.1 l£ aec, the onssut 
elOt vJ.U be srovtug a.st6l.l¥ atv1D8 ~ the eeme zoate ot Cbauge ot s.na.uc .. 
tance u 41&nDs tbe ra4ill ~. 'l'Ate ts.me ot .1 .. eec te ~ 1/ 2 the 

ol»eerved Delltl"on p14ae ~ ea4 1/ 2 the vo1tap epD.e ¥14th obaened tor 
< i 

Wak pinchea. 

ae A1JZiber ot ~ a.tercma lJeCOIIlel 

ltD· cs 76o Jt 6 X JOl-8 X JD•7 • 4.6 X 10].4 • 
. . 

!'he m•1iber of ~ that •• acce1Uate4 10D8 see ln s10V1D8 down tn a 

relaat1011 1eDgth 18 4 X 1•7 X 1018 
a 6.8 & 1Dl8 • 

!be l'MettoB cft...eeOttcm G(D-:D)!» 1m' • 3•7 X 10•26 f:tl42. O't Which 

<me~ the reactiODG 1ea4 to ~, eo that the ~ neutJ'oD protbactton · 

became& 

. 11 ° "t.c X In z· i • 4.6 S 101.4 X 6.8 S 1018 S·~ X 10•26 

• 6 X 'Jl) 7 .laaUtrone • 

tbta t• the ~te )'le14 Obaened,_ altbousb IIOIIle ,S.el.<la u biab 

aa lD8 aeutrona have ·been obaerve&. u the mem -~ envg te uame& 
. -

-lo'ler that& , k8V, the reactioD croe~tor& ·Ul4 epace...Cbarlft lSmited cunent 

·aft eo muob lo'trer t.hat epace.obarae ~OD mut be aenmed 1n cmter to 

&t'fe the obMI"Vd 71el4 • 

· two ~tlonal theonu ot tlle tzttroa produ.ottcm have been pl't)pOaed. TAe 
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first wo.a briefly. referred to by Academician I • V. Kurchatov at the Harwell 

<'> . 
Conference ·' in which· a Fe~i type acceleration was proposed 1n vh1ch a sm.al.l 

class of' ions vere accelerated by reflection from moVing random maenet1c fields. 

If the field motion is random, then the ion motion must be random and no ohift 

in the center·of-mass motion should be observed. 

The theory proposed by Jim Tuck o:r Los Alamos invokes the m • 0 mode 

of instability and accelerates just those deuterons that break through the 

sheath at the 'neck • of the instability~ The ions are accelerated to essen-

. tio.ll.y tho 'neck • velocity, and then they are bent into the axial ·direction by 

the m.ngnetic field. By the snow-plow hydrodynamic mod.el, this requires an 

1nstabil1 ty minimum radius of .ol . em. which is considerably smal.ler than con .. 

sidered here but feasible~ 

The work was performed under the peraonal encouragement of' H. F. York and 
C. M· Van Atta. 'fJJe prelim_tnacy photographic emulsion scanning was performed 

·, . . 

·by the nuclear emuJ.si.otl e.:c::mr: ~t u.vermore under Stevtl White. We have been 

aided by _'ID/J.D.Y fruitful discm~sio>.:>.a 'With Marshal R::>senbluth of IDs AI..emos, and 

Edward Tell.er of Livermore. The strong eupport of the teebnietan group at. 

Berkeley penni tted theBe many experiments to be perfol:.'Ulad·. 
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SUbJect: 'l'be calculation of. the length of time to pinch to the 
first bounce Gild an estimate of the enerSJ and reaul
taDt temperature ot the Plasma • 

·. . 
_ tion ot a· ,erteat)3 con&1Ct1DS boum\al7 waa made by Marshal Rosenbluth in 

t.A-1850. · The equatioae. <4 aotion were 1Dtegre.te4 on tbe baste of a ccmetant 

applied volt&~P aD4 snow-plow _llhock ~.ce. 

'1'he exper1meiltal_ COD41tions are mon treqwmt~ met b7 the assumption of a . 

etDuaOW!.l ~t tba~ is pr1marllr. de~ by the relative~ larp tnduc· 

tace ill ~·~ vtth the plabh. '.ftle 8DOW•p;lov ~cs is probabl.¥ a veJ7 . 
good aaaumptton because ae vae. tiee'tl8ee4 eaa 11u the neutral traction tnaitle the 

1D1 t1al. Cb.&lTent ·b9.UDda17 1qer .1187 be -qui t.e 1arp. 'l'hta neutral traction vtU 

be p1Dche4 8114 1cmUe4 ~the CNlftDt lAQV. (Por Do greater than 5 z 1015 

the· current l.8.7er is thick compare4 to llfttral.·1on acatterlDS, 8il4 tbtck com• 

pared to the neutral loniaatton time. m.Ultlplied b7 the_ lqer veloci t7.) 'Dle 

etfeettve '1 (zoat1o ot: apecitic heatat Ot this neutral :traction is close to 

unlt7i t.e ., the apectttc heat of toatzation ia large eo that the compreil!flon 

in an-exact ~lc model (ta aa 7 + 1 ) te large {approXimatel-7 6 to _10). 
'1 ... 1 . 

· 911a 18 Just the 11m1 t tor which the 8DOV•plow model 18 pti4. 

!he equation ot motion ot a SDOV-jloW &hock 1• based upon the priilC1:Ple 

that tbe ttme rate ot cbaDSe ot aaomentum equal.a the torce. 

4 4r _ ae t 2 

-·it (N at> • P • 8; o &I 2'J)r2 

!he man per centtaeter of ciNUmterence 1D the 81'10W•plov shock te the 

acC\Ii\llate4 mass from the outside radius R to the pinch re41uo r 4ivtc1ed 
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.. 41 .. 

· 'b7 the pinch otrcumterence atrr. 

M = ...2... ]e.r r 4r 
2scr . 

R. 

-= L <a2. r2) 
ar· 

OORL•3725 

p • tnt t1al 4ene1 t)' 1n gJ =' 
rIll pinch radius 1n =· 

' 

It the extel'D&l. incluctance is large compared to the pinch ta&lctance, then 

I a 1
0 

sin d. Prom ·lm<ml values of the condenSer capac1t7, voltage, and 

t1me to current IJWI1mum, I 0 can be cal.oulated. 

co • 21c trequeney ot current 
oscillation -

c • capaot t7 ot condenser 
v a voltage. 

In general the first CODtractton of the ptncb occurs Vi thin a ttme abort com• 

·parecl to the 1/ 4 qcl.e time ot the condenaer. circuit, so that within /this 
' 

tt ve let 

,. = 4~ 
.,~? 

. .!.: (1 .. t ·~]- a 

a.:r_. ,a 4T " 
-~ 

-1' 
·AD u~tton or thte equation·: ~ tor the_ ~ condition ·"' " ~~ 

. (i.:"'. .... 

~ioual. 1"441us ·at first 'bOunce tllae. 

!be actual tt!lle to tint boUDce tbezoetore becomes: . . . 

. - Jt.. f.100a"J . · t =· 1.39. ~ . V _
102

. 1 s~. ~ 

8hts irld1ca~ t!iat the pinCh t1me ·4C818e aa . ,114 _ provtaed .the p1Dch ~ccura tn 

a tune _shol"t corapaNd to the quarter. CJOle ~-~ Of the ctrcut t. It 8hou1.4 be 
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1/4 . 
noted, theref'Qre1 that the time to pinch. scales ao ·p on11 tor a limited 

' 
. fraction ot the current eycle. rO.r the-.. ~rtmental values 

. . 6 
m ~ .516 z 10 

.. V Ill 501000 VOlts 

C a "J.a X 10-6 faradS 

•8 · a }.8 ct.ll • 

., = '.x 10•6 sJar/d ·at 170 mt~a pressure» 
. · ... 6 . . 

t ·t~~ .72 x 10 aec. 

'1'he observed value is .68 ~ sec, Wiah is 1n excellent agreement conaidertng 

the a1alpl1f71DS ~asaump~iODS used. 

'· The r'adtal. velOcity at the ttme Of ttrat, bounce is 
·~ . !../lg2 tJi _, 
- e -1.~ - ... '-"lYsec. 
dt . 100 up. 

'l'he kinetic ener&y per particle 1a 81 ven d1re0tl7 b7 

- -(~)2 M. i .au.. a T it . ."'1 = on mass. 

'1h18 energ calculation is not as accurate as the t1m1ng info1'1118t1on because 

the· m;uttmum . transfer tram masnetic enezcr to particle energ- occurs at small 

ra41us vhen the current is large - and the Variable in4alctive behaVior ot the 

pizlch becomes. larger than the constant aeries illduotance ~ 

UaiDg the Upertmental. values again, 
dr . 7 it = •10 em/ aeo 

or KT ·= 100 ev. 

Dlia is an upper 11m1 t to the ~tic ener§ ~cause W'.''have assumed 

that the current was a1nuso1clal tor the whole pinch period. Aatual17 the back 

voltage 0t the Chmag1Jt6 inductance causes a dip in the current at about the time 

of each bol$ce . so that the pressure term for part of . the pinch implosion is lese 

than the tuU sine value • ibis error should be lees than 2, because the current 

reduction is 'small. The second bounce should increase the tempe:tature somewhat 
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crease · ShOul4 -btl J'OUShly proport1cnlal to the ·current illcrease which iS 2()~ 
' : •1:" . . i 

during first to second bounce ·time. 

A t1Dal. temperatw:'e of 100 volta S.. ~sietent With the US\Ded com-

preaaion of ·100 e.t second bounce ttme •. 

The particle presS\U"e is 

p 0 ~ :a 100 X 1.7 X 1016 X 100 X 1.6 X lo•l2 

• 2.7 x 108 fJTD.$s/t:m.2 
" • compression , .. a2/r2 • 

: 'J.'bis 'IJ1USt be balanced by a magnetic preseure 

a2 
·- 0 
·& .\ 

'' 

-I o 150 ,ooo_· · amp. 
1·. 

• • I 
. 'I 

This ts in agreement With the, obae~ QW,TeDt .at the time of the aebopd 

pinCh bOunce • 

AD expected upper limit. to the thermOnuclear Jield can be c8lcul.e.te4 

aeeum1ng· 100-folcl compresa1o11, a temperature .Qf 100 ev and a ~$iomal 4istr1~tton. 

'fbe -therr.aal. i'elazation time of the 1QDS at ·100 ev tmd 8.5 x 1017 ion density is-~.· 

proxtmatel3 2 z 1q•9 sec Whtoh ta short enough ao tbat Within the bounce time 

of 4 x ].()•9 sec tons will be the~1h4. 

the neutron nrte is 1/ the reacttcm rate; therefore 2 . 

n o 
1/

2 
a 1/ 4 .,a ii x y~l ·neutrons per sec 

17 ~- • 8.5 x 10 iotJ.S/cc . 

•:51 -.#V • 4x-l.O 

, . Vol = opppressed Vol .. • 20 ac • 

'l'herefore n = 7 .a x 10' 'tlfllitr9bs/s~c. . . 

It the time llul1.q. Vh~cb th$' pt~~: ~--~-~~ed _18 4. a 10·8 sec, then 
. ~-~ 

the aeutr.on yield _is .03 neu.trou ~-pinch. In order to obtain the observed 

Jiel<l the:nnowolearly 1 the react ton rate mUst be ufJ greater 1 requirtng a 

teulperature· sllgb.tly greater ~ 1 kev. 
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FIGURE CAPTIONS 

Fig. l Pinch circuit schematic. 

Fig • . 2 Pinch signals. 

Fig. 3 Exploded view of a pinch tube. 

Fig. 4 Cross section· of' a pinch tube. 

Fig. 5 Pyrex and quartz insulator voltage traces. 

Fig. 6 Neutron. yields vs. voltage and pressure in 5.· em x 45 em quartz tube. 

Fig. 7 Neutron yield from 5 em x 90 em quartz tube with 200 1..1. l>G + an argon 

par;tial pressure. 

Fig. 8 

Fig. 9 

Neutron yield from ·5 em x 90 em quartz tube with 200 1..1. D2 and an 

axial magnetic field. 

The axial variation in neutron yield f'rom an 8 em x 90 em quartz 

pinch tube •. The resul.ts are the same with either polarity of 

applied voltage. 

Fig. 10 Neutron energies tram D-D. 

Fig. ll · D(D,n)He3 neutron energies and recoil proton razJges in IU'ord C2 

emulsion at p and 90 to the 45 kilovolt Cockcro.rt-wa.lton beam. 

Fig. l2. Recoil proton histogramS fran D(D,n)He3 .neutrons emitted at 0° and 

0 
180 to the applied electric field. 

Fig. 13. m = 0 inStability growth. 
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