Lawrence Berkeley National Laboratory
Recent Work

Title
NEUTRON PRODUCTION IN LINEAR DEUTERIUM PINCHES

Permalink
https://escholarship.org/uc/item/6tf4k18t

Authors

Anderson, Oscar A.
Baker, William R.
Colgate, Stirling A.

Etal]

Publication Date
1957-03-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6tf4k18t
https://escholarship.org/uc/item/6tf4k18t#author
https://escholarship.org
http://www.cdlib.org/

UCRL_ 3725

. UNIVERSITY OF
- CALIFORNIA

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

BERKELEY, CALIFORNIA




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



v " UCRL-3725
UNIVERSITY OF CALIFORNIA
Radiation laboratory |

Coﬁtract No. W-7405-eng-48

NEUTRON PRODUCTION IN LINEAR DEUTERIUM PINCHES

Oscar A. Anderson, Williem R. Baker, Stirling A. Colgate
John Ise, Jr. and Robert V. Pyle

Mareh 1957

-Printed for the U. S. Atomic Energy Commission



%

2  UCRL-3725

REUTRON PRODUCTION 10 LIMEAR DEUTERINS PINCHES |

i . . :
° | | Osoar A. Anderson, Willizm R. Baker, Stirling A. Colgnte,
' T Jobn Ise, Jr. end Robert V. Pyle

* University of California Redistion Laboratory,
Berkeley. ané Livermore, Californis

March 1957

‘ ABSTRACT
| Approximately 108 neutrons per discharge bave been observed from linca.r
deuterium pinches. These neutrons origineted uniformly and simuitencously
along & filament ot the center of the.disthﬂrge tube; but measurements of
their energies showed that they were produced by & amall group of exially.

accelerated deuterons and, therefore, were not of thermomuclenr origin. It is

[
=

tentatiyely proposed that the deuterons are sccelerated by axisl electrie

® fielfs created by the growth of m = O (“sausé.ge?-ty'pe“) instabilitics.

. I. INTROPUCTION
work with the Pinch Effect ot the Berkeley Rediation Laboratory started |
in Ai;ﬂl 19438 with equipment orzgmm intended as o focusing ae;rice- for the
cyelutm beam.l' The constriction of fhe gaseous diseharge 4with highei curtents
was noi';ied end the importance of a symmetrical current return gath determined. |
When the Sherwood Project was started, the informstion obtained from this
experiment vas a@lied to the problem of producing ccmt#*alled tikmamcié@r '
CIOTEY . . |
Several inert gases were used in the earliest studies of the linear pinch
o for the Shervood Project, with particular emphasis upon heliwn hecause of its
low atanié welght and the usefulness 'of the 4686 £ ionized helium line for

diegnostic purposes. Howvever, it wag felt from the begiming that the
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detection of neutrons from D-D reactions would be & very poverful teol for

optimizing the operating cam:itiom s BO a8 soon &8 thore was spectroscopic

evidence that energies of several hundred electron volts could be produced in

helium Gischarges the ges wos switched to deuterium. Neutrons vere quickly

detected and the averege number of neutrons per discharge msv increased mpid_ly
A number of experiments were perfcma vhich gove the origin of the

neutrons in space and time, end the effects of veriations in circuit parameters,

pas pressure, end Smpurities. All of the messurements seemed comsistent with
L9

& thermomuelesy posction exsept thet the neutron yield, vhich eventually
mached 108 per dischargs, was very much k;igbsr then had been expected from
sixmfw celenlstions, o |

In the end we were oble to Show by masmzzt of the neutron energiea
that the reactions weze not of thermomuélesr origin buﬁrather were pr.oﬁuce&

in 'the plogme by deuﬁerons which were &ccelemtcd slong the exis of the dis-

charge ’mbe %0 encrgies up to 2 X 3.05 electron voltes {seversl times the voltage

acroas the tube), probebly by very strobg electric fields produced trensiently
by m = O (sausage-type) mmumm.z

II. THEORY
‘Z’lwaimple theory of. the dyonomic pinch iencw rather widely u&&ersto@aiam :

‘g0 in this 'éeet\.ieﬁ only & brief summary of some of the ideas will be given.

- 1f o longitudinal clectric 71eld id auddenlyy applied to a cylinder of ionized

lov density gas, a longitudinal current flows in & thin léyer at the suwrfuce

4 of the prszms. and the columa collapses radinlly under the mgmtic pressure.

A shock wave prevf‘ﬂif?@ the current sheath goes through the axis and reverses

the direction of the current sheath causing the ecolwmmn to exmm. The plasma

myy expand and conbract severel times before inswbilities.deswoy the ordered

N
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motion. %he theory of this model has been developed by Marshall Roserbluth 10
The circuit is shown schematically in Pig. 1. In the e'xpeﬁmente da-
scribed here the inductance external to the pinch tube ie much larger then
the inductence of the pinch during most of the time of interest, end conss-
quently the mtehmughthepmw I "iQaM@"aﬂff;Binoﬁ,
here -
| ® = 2q (frequency of the current oscillation)
C = capacitance of the maanur bank '
Vo, = inttiad Voltageutﬁm candmerhsak

'nxa egmtmn of motion of the contracting pinch is deseribed 1:: detail

inAppandixI -—baaea.upon the asgumption of enow-plow wdrodsnmea and’

a thtn bmmdary layer ¢urrent. The time rate of change of the momentun

quals‘thei’om - .. ) ,

(u-—-) - B ———r-éfa )
8r 8t 25 |

vhere n umeacmmxatedmapermrecentmofthecmmtm

M M{m (2)
o B (g2 . 1R p-mnmammwmg/cm
er o r e pinch radius
R = initial radius.

When the resulting equation 48 integrated from the initiel redius to &

aall final redius lixe 1/, B, the time becomes

w1308 LJI055 secomas '
t, ] i (3)

vhich 18 in good egreement with experimefits using déuterium preseures of 50

microns to 5 mm. of Hg. ' '
Typical date taken on each pulss were the current through the pinch tube,

thevalb@maathehﬁemdtheneuﬁmnrm,allaﬂfmctionsqftme
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(Fiz. 2). The voltage sigmel is equal to (@/at){LI), except for a sepll
resistive drop, and the trace of Fig. 2 may be interpreted as follous:

A. Full condenser voltege is acvross the pinch tube.

B. The goe is ionized end the voltege is LI + IR,

C. end D. The current sheath is moving toward the center of the tube
and the increase in voltage is given principally by Ih.

E. The sboek 'iﬁswe vhich has preceded the boundery of the plmm?« has gone
i:h;mugh the exls of the tube and reversed the direction of motion of the cur-
rent sheath changing the sign of the II: teim.

F. 1L e still negetive bub the owtward speed of the curreut sheathis

G. The sheath has made ite maximm rediel excursion and is about to move
towerd the exis onece more.

H. thra L. ere the records of thyee more compressions. JIu some cases
the peak voltages are many %imes the voltsge origimally spplied to the twbe.
At times later then L {or sometimes K) the voltage truce comsists of & very
high frequency noise signal lasting for &pmmme&y 1677 gec after which all
getail dlesppesrs. Either instabilities £ill the whole tube with plasm &t
this time or the insulator becomes conducting. In either case the interior
of the pinch tube is isclated from the extermal circults.

~ An estimpte ef the yield from @ possible thermomuclear reaction 1s given
in the Apmg&ix, whore it is shown that 9. negligivle mmber of reasctions :;s

expatbed.
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Lo gm ratug
The pineh circult was designed to have mindsum inductance extermal to
the pinech tube so that o lerge fraction of the condenser voltege would appesy

across the tube end the current would rise e repidly as poassihm. Tt

exeeptions should be noted: firstly, only ensily evailable condensers were

uged in order thet there should be no delnys in replacing Gefective uvnits and,
~ secondly, the pinch tube was mounted outside of the condemser box {increasing

the inductsnce somewhat) 80 thot meesuring equipment could be placed essily
near the regions of imterest. The condemser bank comteined 25 Cornell-Dubilier
0.5 pf, SO kv condensers snd together with the spark gap had en inductance of

2 % 10"7 henwys.

Approximetely thirty pinch ms were built in econnection with the eﬁyeri-
mw% desexribed in this poper. Pig. 5 is an ml@&cé viev of & typical ee.x-z,v
tuoe showing the bolted O-ring aca.l syswm, elmimm electrodes, ghe connec~
%10@3, the copper return conductor epd cooling veter connections. .&MQ shown
are the 7.5 ¢m ¥ 45 om quartz insulator end & polyethylene sleeve which seeled
in the cooling vater. : |

Fig. 4 is o cross-sectiopel view of encther tube of samewhat

construstion.

| The voltage across the tube was monitored by using the cooling water as
& voltage divider, ond the cm*ent wes obtained fram nom-inductive shunts.
Pure goses were flushed through the tubes mtinuﬁsly £0 refuce the cone
taminant problem, -
Pyrex tubing wos used originelly but an examimmtion of the voltage sige

le shoved that the plesme radiuvs remsined constant for shout one-half micro-

second longer thar expected, indicating thet e considerable emount of waterial

i
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Fig. 5. Exploded view of .2 pinch tube.
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was being evolved from the surface. ¥hen the pyrex was changed to quarty
the current shesth wos cbserved to lesve the vall almost imedistely and much

 more detall was visible on the voltage trace, Fig. 5. With other paremeters

unp-, one mmm& tirmes o5 meay pevtrons vere gmﬂmd with & quarts
insulator es with one made of pyreix.. |

The absolute mumber of noutrons per pulse was obtained with a long boren
counter and calibrated Po-Be souxrse, but for day-bé—ﬂay use 8 lesd-shielded,
europium~-aetivated lithium iodide orystel and photosultiplier surrounded by
5 cm of paraffin was wore comvenient. The timing of ithe neutron bursts vas |
&t&im& from proton. recolls. in em.ll volhunes oi" pluEstic minftillatar, SBeveral
plastic scintillstors were used to campere the timing end relative murbers of
nevtrons from different ports of e. diseharge. Tﬁeﬁl‘ﬁmﬁm origin of the
neutrons wes determined with plastic seintillators which were cither imbedded
in blocks of paraffin ¢outaining channels of varicus sizes or hidden in the |
shadow of a scattering meterisl. WNeutron snd gamm ray -émrgies weie messured

with melear erulsions.

PERTALIING TO THE PRODUCTION MECHANISH

I L

This materinl i presented in a more or less chronologicsl feshion. The
early eﬁperimzﬁa seenmed 40 be reasonebly consistent with e thersomelear
origin oi’ the peutrons, vheress the iater experiments conclusively excluded
this possibility. |

Beutron yields as functions of deuvteriun pressure end condenser voltage
for 8 45 om long, 5.5 cm dismeter pineh tube are shown in Pig. 6. The yleld
wag predicted to incrense with inwmmg ml‘mge {2ce Appendix) apd the

decrease &t high veliages is not unferstood., A theory that this effect wes

|
*
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cz*;us.cecl by dmproper ionizﬁtion at large fiecld strengths .hﬁﬁ been disproved.
There are indieations that the insulating tube may break down before m = O
instabilities (which sre now thought to be the ovigin of the D-D recctions)

‘have growm to large cmplitudes.

B. The Time of HNeutron Emission

; of -
The peximum neutron emission was usuelly 8t the time,the third contree-~

tion of the plasmz, although some tubes gave sineeble vields o5 the second
vounce {Fig. 2). The shope of the curve 16 interesting in thet it rises to the

8 seconhds and then falls Lo zero

poocimn rate of ﬁeutm emission in sbout 10°
in approximately 2 % 10°7 secands, The emission ot the time of maximm con-
tragtion and mAXimm energy in the pinch is consistent with thermonuclesr
erigin, tut the sudden rise fo cutput probably cen be explained only by ib-
voking same sort of instedbility. This will be discussed in Seetion V.

ng by Impurities sng Axial Megnetie Field

Impurities vould lower the mutm outmit in two weys if the plosm
existed for o sufficient length of time: Fflrstly, by reducing the ion ener=

gles by the amount required to fonize the impuritics, end secondly, by lowering

' ﬂm electyon tenperature by bremsstrehlung. The secind effect is unimportant '

in these erperinente becsuse there 1s insuffictent time for apprecieble Vemrgy
exchonge betveen ions end electrovs. |

The firet experimental evidente concerning impurities wes the one-hundre-
folf incresse in neutron yield when the insulator was chenged from m‘éx to
quarts. Contaminent geses were then deliberetely introduced and the observed
variation of yield with conteninent concentretion is shown iz Fig. 7.

The yield also Gecreased groatly when weak axiel mgnotic fiolds were
&wﬁi&ﬁ to the tube {Fig. 8). It will be shown later that this behevior

is Airficnlt to explain in o renner compatible with & true thermomueleor
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reaction uwnless the compressions are extremely highe

. D. The Spatial Origin of the Neutrons

The oaxial distribution.
One of the first measuremsnts vas to determine whether peutrons were

produced at one of the electrodes or along the exis: lead-shielded plastic

scinti:_uator recoil detectors in praffin coliimt@m vere moved along the
axls vhile the total yield ves monitored with ¢ Lil detector seversd foet |
avsy. In this manmer it vas shovn the meutron production decreased slightly
near the electrodes, excluding ¢he barbardment of adparbed deuterium os o
produstion mechaniem. . . ;

Because of the difficulty of collimting newtrons, meesurements vere also
aade ono.pimht.ubc SC om long snd 5.5 on in dlameter; with plastic seintil~

'lmar recoll detectors shielde@ only mmat zerays (fig. 9).

Ex’e mny assue the detector has o smell effective ares &t e distmwe of
k em fyrom the centerlimofthetube, the mwhcnvimﬁfmwm_e.
If the neutron produgtion is tmifcrm along the e.zgis, the orleulated relatme
mmEbers aetec‘igéi‘agea distance ¢ along the axis as showm in Fig. 9. The euperis
mentel egreement is quite good.

Because it was Aifficult to collimate the neutrous striking the peutron
reccil aetecfcr, it ves not possibls to Getermine the radisl extent of the
source of peutrons pmc‘isely. Bowever, it vas easy to ﬁrove 'that the neutrons

Gid not origlnste at the walls and, in fect, came from a cylmdar not gmater

‘than two gentimeters in dimmeter. It was then possible to proceed to &

detector copoble of betier sngular resolution, nemely e plastic seintillator
recoil detector in the shedow of a thin wedse of scettering material {copper
and wolfram were Osed). The @eta indicated ncutron production within &

cylinder of not mors tima one cantimeter in diameter, butl grester preciziom
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eould not be schitved without additionel detectors becnuse the constricted

plasms apparently was displsced as much as 0.5 em from the geometrical axis
of the pinch tube during some of the discharges. .

E. The Simuitaneity of Neutron Emission Along the Axis

Two recoil detectors were placed on the side of the 90 cm long tube men-

tioned in TV{(D), one of them st & fixed pox_zitién &3 & monitor and the other

moved perellel to the axis of the tube. Although some rndam structure in

time.- vas cbserved from one discherge to the next, the ansete of neutron sig-
nhls wvere siimltaneous to within 3.0“8 seconds et all points. The unifornity
in iﬂtensity and simltaneity along the axis disposed of the possibility that
Beuvterons accelerated in 8 high electric gradient near an electrode wmight
rooct x?i‘th deuterons along the exis and thus be responsible for the observed
neutron production. |

P, Heutron Drergy Measuremonts

Although the repid quenching of the neutron proguction by emall percent-
ages of impurities cecemed to fovor a thermonuclesr reaction, the unexpectedly
high yields forced & contimued search for some cther production mechonism.
The voltege across the pinch tube was o few tens of kilévelts at the time of
mtmn emission; if deuteroms were eecelerated to ten or more kev in & porte
ticular direction, then it shouié. be possible to find this out by careful
measuregients of the neutron energies (Fig. 10). The histograms of the forwvard
atrection (1 10°) recoil protons produced in Ilford €2 micleer em:lsions by
neutvons emitted at 0° ang 90° (lsboratory system) frowm a deuterium-londed
metal target vonberded by 45 kev deuterons are :shov;m in Fig. 1.

~ Iiford €2 muclesr emulsions were exposed &t the sides and et 10 am Pram
each end of the pinch tube. An additionsl sct of emalsions was exposed at

the ends with the voltage applied to the pinch tube W\?’éi*séd in polsrity. The



n
@

n
D

n
N’

- NEUTRON ENERGY (Mev)
o )
o (o)}

@

Y50 100 150 200 250

. ~ DEUTERON ENERGY (kev)
- NEUTRON ENERGIES FROM D-D REACTIONS AS A
- FUNCTION OF INCIDENT DEUTERON ENERGY

A NnAC 1



NUMBER OF TRACKS

| | T T
24 - | -
I g i
i 90° ! i
16 - 1 ~
i » | -
- IRANE | -
R lJ LI o o —
8 ‘| | . o o —

i ;_l_: ¥ — _
T: Flit I" 17 T | J-Ll : —
olo ol irn nnlh-r‘i“' | % il s B
20 30 40 - 50 60 70 80

RANGE IN MICRONS - -
1 | -
.5 20 E (Mev) 2.5 3.0

.25080-2




B2m YCRL~3725

tube used for these mersurements contained o #6 om long, 7.5 an inper dlesoter

quartz insulator aod wme £illed with 100 s deuterius. Toe condenser bank wes
ehorged to 35 kilovolts, but the messured voltege ecrogs the plaeh tube ot the
time of neutron emiseion wes 10-20 kilovolts.

The recoil proton histograms from neutrons emitted from the pinch Twbe
et 0° and 180° o the divection of the epplied electric £ield are shown in

 Fig. 12. Bouivslent psutron and bonbarding deuteron emergies ore also sh

One asees that the speetra may be interprated as being produced by deuterons of

50 o 100 kev which are moving peraliel to the axic of the pinch tube and
bombarding Other deuternns at rest. In some of the cases the bamberding
energics must nave been at le&st. 200 kev., The 'tbmmrmc.‘lear ‘contrivation,
if any, mist have been quite amall.

G. Righ Enexey Electron Seaxch

% seenmsd possxme thet under eertein conditions hish emrggy eleétrons :
might be produced by the same mechenism that a.ceelemted the deuterons. HNewly
poured Ilfoxd G5 elentmna-semitiw ermlsicong were c*:pomd at the ends of the

disclmrge titbe and smme,@ i'or electrons of 100 kav or more, this being the

- pinimon engrpmy for Wmtmf,icn of the end foil. Some elettrons of many Mev

vere detected in an apparently statistically significent fashion. Nowever, it
15 possible that the effect is spuricus, ond in any eventthe electrons sccels

erztad to such energies are very few at begt.
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V. INTERPRETATION

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

- pinch were observed are inconsistent with a thermonuclear origin. The pro-

4 posed explanation of the pinch neutroh phenomens that will be discuesed

here is dependent upon the formation of them = Q, or sausage-type pinch

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

'in & rapid change of inductance of the pinch. The axial electric field across

each instability resulting frﬁm this.change in inductance-acceleratea a.small.
grdup of deuterons to approximately'SC'kev per instability. The collisions
of these deuterons with the remainder of the deuterons of the pinch give rise
to the observed neutron pr;éuction.‘

The emphasis'upon deciding for or against a possible thermonuclear

~ origin is besed upon the recognized principle that, in general, useful power |

cannot be obtained from a fusion reaction unless the ions are in approximately
théfmal equilibrium with one another. In other words, an-acceleratedAdeuter;un
or tritium 'béam' incident upon a target cannot produce useful thgrmonﬁclear
power because the irreversible energy~losé»of slowing-down 1§‘the target is
always greéter than the reaction energy produced.8 BEven though these pinch
expefiments produce a relatively large number of peutrons, unless_these neutroné
wére from & thermomiclear origin there would be no hope of exténding the yigl&'
to & power-producing velue. It is therefore worth while to consider the ' ¥

evidence thot argues against a thermgnuclear,origin.



-25- UCRL-3725

1.) mefunmmmmummumwtmame
recoil proton tracks in photaysphie emu:l.aian, exposed at either end and the
azeeaoftnexmewpfmhm Mmmmmmmnammon
memtmmmmmotu.mofahi@ﬁrmenmwwm
come £rom & Gsuteron collision vhose coubined cemter-of-uass was st rest
relative to the emulsfon plates. The interpretation of this center-of.mass
velocity 18 that s deutercn of msan sxiel kinetic energy of 50 kev strikes
adﬁu%emnstrqse. ‘me;emtingmclwmcueneecmmthanoﬂng
center-of-mass 80 that neutrons emitted in the forward directicn have s

The cbserved neutron energy &istridition corvesponded to deutercns
v:thammmnmmor %mumuanv&dthofiﬁokev. Some
- deuterons must :¥ave been sccelersted up to 200 kev to have crested the obe
.‘ seyved nautron energy. H‘mwlmemumpmm‘mmd,
or the plates expaaaa_w!the opposite end of the pinch tube, the eemaponaing
 lower ensrgy newtron group vas cbserved. In other words the neutrone originate

/', | from s small clase of deuterons that sre accelersted axially to s high velocity

‘:._inthodimttontmtmmeornspm%theapplw&ele“ﬁcmm.

' 2.) A wesk axial magnetic fiald of 50 to 100 geuss quenches the neutron
production. The dynamics of the pinchi®)” vould tndicste that a.compression
orsommmwmmrmme,mmmwmmmm

~ bounce, mwnwmwmmum@ammwo‘p-

mﬁngmsmmmeormetmm With o compression of 100, en

mmmnemoemmmmxumopmmmmma
1‘\'
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%o m,aoo gauss vhich is e trivial pressure conpared to the pinch £1e14 of
approximately 100,000 gauss. meeffectofmmteml axial ﬁe].donathemo-
_nuclear pinch would be dependent upon the internal H, pressure coppared to
the external B, preseure. For these to be comparable ve soive the equili-
brium equation: By = na |

By = Ra;!? | B, = 100 guuse

| -4 n*”f‘% I = 15,000 amp
therefore . .
R 100 = -&-—- R = <15 em.
re S , 31
therefore ' v

r = 0047 ca.
m:u.eonumwmnummwmmmmwmxm.
' tatian of shock phenomena. It implies a cmpremon of 6500 vnich 1is two or-
. ders of mmwae larger than measured for a helium pinch, and similarly unlikely
for a deuterium pinch. In other w;-ds, the quenciring of the nwn production
by such & small amount of axial field suggests that the production phenomens is
eritically aesociated vith radii less then .05 ca.

3.) A very small impurity ratio of 0.1% argon quenches the newtron produc
on. The quenching effect of impurities in a thermomuclesr pinch would be
pmportiml to the specific heat of the impurity relative to the thermal snergy

of single pnrticlea. The rediated bremsgtrshlung power in theu short tima
(0.1 i sec) 18 trivial « beunae there is hardly an electon-ion tbermuutien
time available. The Bp‘eetftc heat of gm impurity of atcme nutber Z 1is comprised
of the enorgy needed to strip spproximately 2 electrons and given them each KT
energy. Therefore the specific heat of an {mpurity relative to a deutemn aton
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will be approximately ._..ﬁ@ -2, ‘Therefore an argon stom should edd 20 times

,t;he epecific heat _af 3 mm atom, so that o.lﬁ;,upmty of argon should

be only a 2 effect on tempersture. If the temperature were high emough to

'givetheobsmedyieldthem:m@mn, thenaa‘ﬁchange ia temperature wuld

beonlyalb‘ﬁehmaetnyﬂd-—imteadormobmdrumote._

"4.) The neutron yield does not incresse with increasing voltege as
rupwy as would be expected of & thermonuclear process. mtayieldme
versus applied voltage uctmnar m sl.i@tly between L0 and 50 kilovolts.
This could de tnterpreted in terms of poorar mm.u fonization with resulting
impaired pinch dwnancs;' hovever, the timing of the dmgmic bounces egrees with
the scaling from much lover voltages 6o that the ionization process must be euf-

fictently complets to trep the major fraction of the gas. The higher voltege
~ given an cbserved shorter bounce time and thersfore ahoul@give.a higher tempera.

ture. If the neutron origin were thermomuclear, then an increase of temperature
(proportional to the epplied voltage) should result in 5 times the rate of in-
erease of neutron yteld. mrmmtmwm&minyieumabumd
between 0 and 50 kev is inconsistent with & themmonuclesr origtn.

5.) The neutron yield is much gremter mvmmwmam:le
mu of the &ynsnic pinch behavior. (See Appendix I.)

The remaining experimental evidence supports a thermonuclear origin

and must also be consistent with eny other theoyy of neutrom production.

6.) The timing of the mtm burst ocours at either the second or third
dynsmic bounce of the pinch. (The radius versus time behavior of the pinch can

be obteined qualitatively from the inductance behavior of the pinch as a circait

element.) _
T.) The initial voltage applied across the tube is S0 kilovolts or less,
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and at the time of neutron production is measured to be between 10 to 20 kilo-
voltss N |

8.) The neutrons are produced uniformly along the axial length of the tube

‘within a statisticsl magnitude of * 159 and with an extial resolution of ¢t 10%.
This excludes theponibilttyof%emtmbﬂngmawmm.
wrdment of dsuterium oceluded on ome or both electrode urfaces.

| 9.) The radial distribution of neutron produation agrees with o radially
centered distridution of full vidth at half zaximm of 1 cm. dlameter or less.
The quarts tube dimnster is 7.5 ca. | -

10) Mmmmmpmm&amxmuummmmmmwme
tube to within 5% of the transit time of & 50-kev deuteron from one end of the
tube to the other. This excludes the possibility of deuterons being accelerated
by a sheath 4drop at one electrode, and traveling focused within the pinch,

 making collistons along the full axiel length.

The proposed mechanigae for neutron production depends upon the instadility
breakup of the pinch. The voltage between the electrodes of the piach as & func-
tion of time depends upon the inductance of the pinch as e circuit element. If
ve assume axial uniformity 0 that the radius of the pinch is uniform with axial
poaie;oh,_ then the inductance measurements give the pinch redius es a' function
-of time. The first bdounce agrees with the concept that the pinch compresses
t 1/7 to 1/ of the original tube diameter, hence the compressicn of 50. The
sccond, and sometimes third, bounces ere observable, but thereafter the circuit
behavior ie only mterpretable in terms of an instadility breaking up the pinch
After. breskup (usually efter vhat would eppear ae the third bounce), the circuit
aypeara ‘a8 if the current were ﬁw&ng'on the ineide of the quartz tube wall.

At very lowv condemger volta@eg; m kilovolts and below, there sometimes appears

pod
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a very high voltage cpm‘(mo,ooo to 200,000 kilovolte) at the time of the

second or third bounce. The above behavior 46 ¢n sgreement vith the ides

'. thcmwmmmtmmmnﬁumm-am«

to grov to sufficient magnitude to perturd miouaw‘_t‘he inductive behavior
of the pinch. When this rate of change of inductance is high enocugh, the

 resulting voltage can reach a value many times the applied voltege and msy be

large encugh to breek down (voltage~wise) the inside of the quartz wvall —
causing a surface curreat to flow that {e large enough to isoléte electrically
the pinch from the externsl circuit. This is vhy the very high cumulative
voltage Quring neutron production need not sppesr in the externsl circhit.
The mmuiwmdem&mm@wfuﬁst ie the sausage type (m = 0)
where the plaesmi {8 ‘necked’ off in one or more piaces. This mode should
grow fastest because the rate m’ incrsase of presgure (592/&:.) is more repid
éqrgmxohwggmpmhm r than is the differential pressure for
the kink instadbility (m 2 1) for & small smplitude. The rete of growth of e
given wavdlength instebility is exponential £or an smplitude emall compared to

. béth the wmvelength ) end pinch radius v,

As the emplitude beccues larger, the troughs of magnetic field growing
radially inward gpeed up due to the inoreaged magnetic field pressure of the
canller radius pinch. mrpmﬁngﬂ.'neckﬁ;g off* of the pinch éanaes an

axial £lov of plasua that expends the pinch immedtately adjacent to the 'neck'.

This moneliriear coupling tends to spece the instebilities regularly co that
the configurstion expected at the time of the gecond or third bounce ic &
geries of n o 0 1nstabilities resul.arl.v spaced elong the length of the pinch.
T™his 18 confirmed by tmazgaolm pictures teken at Ios Alamos of ¢the pinch
et this time, The spacing corresponds b & wavelength equal to the pinch Giameter
at the second bounce which 18 in egreement with the predicted structure of the
ponelinear growth of the trough.
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The sape of the 'neck' or trough as it grows redially inwvard can be

I derived on the basis of a simplified hydrodynmmical model. Once the
| tnitial nstebility has grown to en amplituds equal to 1/, the pinch

r;ﬂius, thm themme field pressure at the point of minionm radius

18 spproxinately twice as grest as the plasma pressure - sssuming thet
the original growth wae fm at equilibriua radius. Por auévem_mssure of
@ or greater, the £1ov velocities are governed primarily by ehock hydro

' Mu mMamwwnmmm-pmmxmtchu

eufﬁetenuy wcunte for the sppmm.mtm The p:l.amn nagnetic field
mmmviuﬂm:me T ' a:ttvelocitydew
minedbythopﬁeumaiﬂma smeenemmwuyinﬁmstedﬁnm
instebility shape at emall ndius, ve vill assums the megnetic field pressure
teﬁwemhmaterthmthepm;;mam. |

12 an tnitm minty (Fig. 11a) grows from an equut'brim pinch of
am. y, thén the velocity af every point on the r,z curve describing
quemmmemWsm /s « Por snow-
mmm«mwmemmmwmwmm,,

&0 that to first approximation

P | b = density
. B ~u = velocity normal
to the ehock.

mmoekvalecmymmtwdimtzona r and 2 depends upon the com.
memmmmanmmm

P = \E?f, _}_ X
T a2 i (as/a
¢ 8’"'241-?(&'/63)9..

H, = magnetio field vhere r = 1
I |

"5

(1)

(2)

(3)
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therefore

S—": - J HQ- (%)
i at &:pre Ji«l-(ds;dr)z
- | a2 4 |
&, | B - - (5)
at &!Dx'afﬁ"‘(dr/“)u

slnceneithervmeitydepmdaupmtm, mmuatimtndepen&eat

f i (5) etving: |
e, EALC e/ | (6)
e Al+ (dr/dﬂ) | | |

Thie gives the 45° triangulsr shape of Pig. lIb, vhich i of course only

'muppmﬁmﬂon,hutit-s_hmﬂdbeﬂiﬂy,mmmthemgiono&‘mmor
redius mintwum. |

‘ Amltagaviube éavelopedbetmmhm:lntylobemofthe

mwchmafmattnm.

v -4 (1x) ‘ L = inductance (8)
as ;-enrmt .
. 4L 3 :
= omvia L* . '
L Sat-S . | (9)

The total voltage across the pinch 48 either the applied voltage, which is
mllut sacond bounce time, oruulemthubemsemm&m
mxm shomda;n ttu).f, mmwhme

@ .. @ | | | .
,I'&t"lr‘at o \ (10)
or a '
n. . (11)
"2 %e |

m«mammwmwwmutuu&mtm

A
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*thetommmwtmcecfthepxmhbymmhhmi),mm 1 during
'v-‘&emmwmmmmw Wmﬁewlhgeaemu
“ & given tnstebility 1s | |

v a2
‘I_dt .
3 bt SN _
.'Lﬁaxm'9xaf gs.;dzhennes/an.
| . 2 R = cuteide conductor redius
r = pinch radius
Ty -mmmmumutymuua
zuaaalpontima
| | 4 @ initisl pinch redtus,
but 8 =r ,
ore . _1‘1-1'{_ .
'Lahxm'9[ tfar
S
, -ty R re |
. axm'9[ﬁ—£(zn.. , »1)-5’3-(zn3~-1):| .
) R ri-rf R !'t )

The tlme derivattve of the inductancd during matubnity gmvth for

i -9 .. b)) .
3-7“10 '%“"ﬁf “‘, b)

The redial veloeity at the 'neck' of tho instability, iié," can be calculated
on the basis of equation (4) | |

s Gr
4 ';Ii ' "\ y @
‘ ’ “ &! P ?fa‘lé

o = 'mxty in pinch (170 microns D, compressed 100-fold

Iataemﬁbomﬂm) - 5xm’65/m .
B, ez, 3 = 150,000 emp .

(12)

(13)

(1h)

(15)

(16)
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. 2 I - 6= E ,
r, © T - cnfsec
, . £ 25 rp 91,2 aw

Prom {12) and (15) the voltage per lobe becomes:

6 " ‘
Vaz"’*ul';\aoooxuxm‘96*w [fn-g-—,-b!n-&ah]

- R = 5.75em.
| v e 9.6x10° ;—-[mw-z.?] .

mordarbormh%mwm, >
r, = 05 c. | ,
This {8 Just the redius et vhich the caleulated exiel magnetic field pressure

' 'ofmmaahwmwabiumfumrmeﬁabiutygmmmmmm.

The {ons can cross m nagnetic ﬂe:m ‘betusen lodes by being sccelerated
;- greaterig
by the elestric £1el4, because theiar Larwor ndnw"u ‘than the lobe spacing.
’ maaeaefthe;obeate or apmr.‘mmgueﬂe ts.amis,-&-—-‘ 300 ; the
200 VE 200 VB r -
umorradaua rp ° -—-B—-.or T " “%0,000 °
Por an don to cross the gap in & single cyiloid orbit
' lohrD = o
therefore :
B2 3kev . :
Mmmammmmmmmumdmlmambe
caleulsted from the slowing.down.-time -v. The time necesssry for the deuteron
to)ma 1./e oftteenergym
12 135/ ,
:o T 15 tempersture in kev » 0.1 1
y netssleetronm&tynl‘ixlo

- e 12 0 0! -8
theréfore oy = 1»1:10 ——-21-5 « 2210  gec .

T.l‘ 11:

(17)

(18)

8
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meeemapondmaﬁnaeforaso.mmamuhm.mmutoolm
byarwtorofh. A Gecrease of 2 mmemelammenmmdmin- -

‘creass of 2 mmcymMmmmnormmrm. Hovaver,
"tholnag-mgemmm«temtamucuaeofpmmmooudbeaco
'mmeeafmmmwuuywmmmmmmmmeam

Wye@hmmefwvwht@mrwmmobam - The came

pm&amlﬁmlyfermmu’ttmmtf;orthowﬂmtyofmu

cmssmgthemgtmgnetieﬂel@.
A cmpmm can be mads between the proposed instability eccdleration
mmmmeexpemmmobmﬂo&é

1.) Amuenaeofht@ewwmnwaceemdmmuma
ﬁwm%afmmmuumim. fne vide observed width

. xmummtzmmbecmwehobmgwmmmmnoa

mmmmﬂmwmemmty. ) |
2.) A wesk axial msgnetic £ield of 100 gsuss should etabilize the m = O

Tode of instability, for rai lees than 0.05 em. This 1s just the criticsl

maius to which the mtnbmty must grov o ereate the accelsrating voltages
3.) mteatmmmitqu&mamtmpmuww It

. might.be Meoctated with the fon Won mechanism into the accelerating

electric field, Abommmmnbmmmeﬂoﬂemm
plagma during the inastsbility growth. Thé characteristics of such e wez-

mmemammmm‘mmxermammmum

‘n:emntingchargemtwneumﬁemtmtheimmdmaus-
Mwmwmmmmrm&m. "An fon of emaller

¢ eerive)(°/”) will penetrate further into the vacuun region; would feel
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nore of the sccelerating electite field, and might be preferentially ace
elersted in the instability breskup process. Theretore, a small number of
impurity sons thet have retained some orbit electrons might be preferentially

 acoslerated and result in no neutrons. If this explanation is true, then
', amnmmwmnmmdmww give a disproporticnately
mmmnmmmmmwammmmmm This
WMMM&%WWO%@M’G&WW@. It 48 aleo

mm_mt-ammwwmummmmmm
ture by inelastic excitation of bound stomic levels. If the electrom o
terperature is lovered, the boundary layer vill bectme thicker and the dy-
nanics et emall redif will be impsired. |

be) mmm&am‘ammwmudeWMbem

 pacted to level cut onodjte instability breakup voltages hed reached 50 to

100 kev. cmwmmﬁaefmcmm in yleld might be expected for

‘8 mttmm proeeas of & small muber of Wmuea.

5.) Mnmmnmmrmatmmmnm«ee is esummma;-

‘paaﬂtx I, e ogaetea yield from the instability breakup process can be

éstinated with & lover limit from 8 space«charge limited current. This dis-
cussion follove this 116t of conparisons. |
6.) The timing of the neutrons agrees with the tim# in the pinch
history vhere one would expect instabilities to have grovn to lerge smplitude.
The redtus vereps time behavior can be used to caleulste the expected breakup
voltages,
7.) . Por weak pinches (#zall currents) a sudden rise in voltage can be

_dbeerved at the pinch dynamtic time at which one would expect neutrons. Howvever,
‘at higher pinch currents the shorting effect of the insulstor (quarts) wall
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“"*maﬁbetmmtommnmmaobmammm@mmm The

wmnofmmtmumwmwthewarmmof
the known curvent.

8,.), )Womttyﬂmtheaﬂsmﬂammmm
1n agreement with the theory within the resolution of the experiments.

10.) ‘The theory would predict that the inotabilities should grov eimul-
tenecusly within & tine enall compared to the time of the third bounce. The
third bounce time 18 of the order of - 5 %010 x 10°0 sec o0 that the obeerved
stoultaneity of. 5 2 1078 sec s ressonsble.

_mmmwmmwumnmmwmm
11mited value beomise there showld exist both an fon and electron density
greater than the space-charge netvelizing value. An ion eurrent of 1000
A,mpa/éuast%mmma&mmmyoﬁwaxmnfornmwui-
mammmammemam»muammmmw
thmthemchmlmmm xndeediftheeleotmmwmnda
the pinch 18 0.2% of the valus instde (~ 1.7 x 1016) 1¢ s posstble that the
@eleem'mtci’Mpmchmm-mawmrgefmbymim.
Mammemmmmemwummmt
wmmmmofmmmmmtmmm'mwmm.

The Space.charge 1imited current, Mpm geometry, on the assumption
Immmicm&dtammwmtmfmbungw-

celerated, io. \ v}/e ‘ .2'
rol O i

eaneoweuemmmmgmepmmwmmmnmm
the logarithmie volm graﬂimt over tlie alot. Therefore

2
i = o' ¥ = vol - kav
Fm d-ﬁyngzuf

This current must be integrated over the surface of the slot
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1, - f waar-sssn--v-émperm
'meMeamwwnmmmmwmmmm.m
at A = 2r, =0.7 en. Therefore 100 lobes vill give & pesk current of
;76°W

malmgmofmmmwntymmemmmamwu
m&etmfw.mwmmwwwm,mmnm&%w the
 pinch redius r,. During this time of epproximstely 0.1 u sec, the original
810t vill be growing sxtally gtving roughly the smme rate of changs of infuc-
tance as during the radial grovth. This time of .1 y sec is roughly '/, the
observed neutron pulse length end 1/a the vultaae spike width observed for
mkpincheo.'

memwmmummm

g = 760:6:108 |

mmwmmtthewmmmmmnm&wnma
mmﬂomlengthto hx!..7xmlau6exmm )

The reaction maa-aection a(D-D)so rev ® 37 xm‘m ema of which
one.ualf the reacticns lead to psutronms, eo that the expected peutron production

x10°7 « b.men‘ .

4_'::.5- u&x%x'g » h.6xl.omx6.8’x‘m

, = 6 %100 neutrons .
This 18 the spproiimate yield cbserved, althouch some yields es high
es ma'ﬁmtma'hgvs been ebmvea zf the mean deuteron energy is asmumed
lover then 50 kev, the reaction crosg-séction and space-charge limited current
are 8o much lower that space-charge neutralization must be assumed in order to
give the observed yleld. |
- Two additional theories of the neutron production have been proposed. The

18 L 3.7, 1075
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£irst wms briefly.referred to by Academiclan I. V. Kurchatov st the Harwell
t/ -
Conference("') in wvhich & Fermi type acceleration was proposed in which & emall

class of ions were accelersted by reflection from moving random mgnétic fields.

‘If.the field motion 18 random, then the ion motion must be random and no shif't

in the center-of-mass motion 'shéuld be obsarved.:

The theory proposed by Jim Tuck of Los Alamos invckes the m = 0 wode

'of instability and accelerates Just those deuterons that break through the
sheath at the neck' of the instability. ‘l‘he ions are accelerated to essen-

'tially tho 'neck' velocity, and then they are bent into the axial- direction by

the mngnetic field. By the snow-plow hydrodynamic model, this requires an

instability ninimum redius of Ol cm. which is considerably smaller than con-

' si_dered here but feagible.
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APPENDIX I.

" .émbgect: The ealculation of the length of time to pinch to the
£irst dounce and an estimate of the energy and resul-

tant tmerature of the plasma.

The orig‘in_al treatment of the radial motion of the pinch under the assump-

‘tion of a perfectly conducting boundary was made by Marchal Roserbluth in

1A-1850. The eqmti.ana'of motion were mtemted on the basis of a constant

: qaplied voltage and am-plmr ghoek hydrodynemics.

mmamm condittmmmommquentlymetbytheus\mptionofa.
eimotdal current mt is pﬂmﬂy determined by the relutivaly large induce

 tance in eertaa vith the pintth. The mv-plmr hydrodynamics {e probably a very

ma. assumption because &Wmm the neutral fraction inside the

in{tial current bomarylwerw be quite ).arge. ™is neutx'al fre.ct‘ton will

be pinched and fonized by the current layer. (Por n, greater than 5 x 1017
the current layer ie thick compared to neutraleion scattering, end thieck come
pared to the neutral ionization time multiplied by the layer velocity.) The
effective 7' (ratio of epecific heatd of this mt_rai'frection 15 close to -

unity; i.e., the specific heat of ionization is large so that the compresgion .

in en exact hydrodynamic model (g = 2'-L-"‘S) is large (epprommtely 6 to 10).

This 16 just the 1imit for which the mw-plov model is gudid.

The equation of mtion of a mw-plow ghock 1o baned upon the prineiple
that the time m,tp of change of momentum equals the force.

2 12

--9.— dr = Ggﬂ-ﬂ -
AR T

The mass per centimeter of circumference in the enov-plov shock is the

accwnulated mase from the outside radius R to the pinch redius r divided
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- by the pinch etrctnfemce 2nr.
Ma-e—faurar ' pemmndenauying/cnﬁ
~ ¢ = pinch radius in cm.

- -E-(Ra r2)

I¢ the external inductance 18 large compared to the pinch inductance, then
I = I, sin ob. From known values of the condencer capacity, voltege, and
can be calculsted.

time to current saximum, ) 08

Io‘,a acV : . o ® 2n frequency of current
o oscillation -
L C = capacity of condenser
_ V = voltage.
In general the first contraction of the pinch occurs within a time short com-
‘pared to the 1/3 cycle time of the condenser ecircuit, so that within ,this

i:ime the current I, sin ot can be replaced by I,0%. Therefore

' 2 [ a2
| ry s - Jo (ab)
_ dt (Ra =) dt] 200 st
If we let |
. . s 4 1o a? - ' g g._ r ,
' 100 ﬂiu' o R

ﬂxentheequattonbeeoma _ S
Lpef “"] "3

An mtegration of this equat1on | '» _' - for the boundary condition “y = 1,
vhen T = 0, gives the intercept valtie 7 = 1.39 when y = .1, i.e. the propable
_ fractional raa.ms at ﬁ.rst ‘bounce time. | |

!ﬁ:e acml ttm to first bounce thersfore becmes:

tal.wn-%’%sm » .
i , ¥ To SV S , .,

Shis indicates that. the pinch time scales as o™’ *  provided the pinch occurs in
@ time chort compared to the quartercyele t___me‘ef the cireutt. It should be
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°. ' ﬁoted,‘ therefore, that the time to pinc‘h‘ scales as 'pl/h only for & limited
. fraction of the current cycle.. For thee:q;erimental values

Se .
. _ . ‘ .'516.3'1.06

)

a 50,000 voits

12 % 10'6 farads

s a < g
8

T 308 .
s “8 o/cn?
p = 3 x10°°¢gf atl'mmicmnapmsauren
¢t = 72%10" sec
The abaerved value ie .68 u sec, muuh 15 1n ememnt agreement conaidering
stmplifying assmptiona used.
'rhe radial velocity at the time of ﬁ.rst bounce is
. 2
a . -1.56 -"-9-—--; c:q/aee.

at | 100 np
o ‘ The kinetic énergy per particle is given directly by

k=4

. | K'l"ﬂ%(-a;)a L M; = ion mass.
. ' This energy caloulation 18 not as accurste as the timing {nformation because
. the maximum - tranafer from magneti¢ energy to particle energy occurs at emall
radius when the current s :Large - and the varisble inductive behavior of the
pinch becomes. larger then the constent sertes inductance. )
| Using the experimental values again,
R
or KT = 100 ev.

T™is 18 en upper umt to the hyd.romagnatic energy because wo 'have sssuned
that the current was sinmusoidal for the whole pinch period. Actually the back
voltage of the chenging inductance causes & dip in the current at ebout the time
of each bounce 8o that the pressure term for part of the pinch implosion is less

e, than the full sine value. This error should be less then 25% becsuse the current
re&iwtion 1s smell. The second bounce should increase the temperature somevhat



| “Therefore

- hj -
UCRL~3725

.‘

because energy is still being added to the pinch hydrodynsmically. The m—

orease ‘should be . roushly pmportional to the current increase which 18 20%

ﬁnring ﬁrst to second bounce ‘time.
A ﬁnal temperature of 100 volts Ls cansietent with the sssumed com-

- pression of 100 at second bounce time.. -

‘The partiole preseure is :
16

P = NR? = 100 x 1.7 x 10°° x 200 x 1.6 x 10°12
= 2,7%10 aynes/cma 1 = compression = R? /e2 -
. This umst be balanced by a magnetic pressure _

N\
vy

I = 150,000 an
Tnis 18 {n agreement with the. observed current at the ti.me of the seednd

( .

pinch vounce .
An emected upper 1imit to the themnuclear yield can be cao.culated

© assuming 100«fold conpression, 8 temperature of 100 ev and a thermal diatribqtion.

The thermal Felsxation time of the lons at 100 ev and 8.5 x 10%7 ton density s aps-
proximately 2 x m’g éec vhich is short emsugh so that within the bounce time
of b 2 107 sec toms will be thermalized. ,
The neutron rete 1s J'/ the resction rate; therefors
n J“/ x L la'&VxlioJ. neutrons per sec
N e 8.5 x 1017 tons/cc
W e 4 x)0. 31 ,
| Vol = cmresaed VOJ. Cx ao e .
Therefore | n = 7.2% 105 neutrous/aec.
If the time aunng which the pinch ntaysass;ms& 16 4 x 1o'8 ge¢, then
the peutron yie,.fl_«d 18 .03 neutrons per pinch. In order to ohtain the observed

yield thermomicleerly, the reaction rate must be 10° grester, requirtng a

 temperature slightly grester than 1 kev.
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FIGURE CAPTIONS

1 Pinch circuit schematic.

2 Pinch signals.

Exploded view of e pinch tube.
Cross section of & pinch tube.
Pyrex and quaftz 'insulé.tor voltage traces.

Neﬁ’crbn, yields vs. voltage and pfesaure in 5-am x 45 em quartz tube. '

R IR I SRR

Neutron yield from 5 cm x 90 em quartzltube with 200 p Dz + an argon

par,t.iai 'pie-ssure. | | |

8 ' FNeutron yield from 5 cm x 90 em quartz tube with 200 u D, and an
axial magnetie field.

9  The axial varistion in newtron yield from an 8 cm x 90 cm quartz
pineh tube. The results are the same with either polarityiof
applied voltage. |

10 Neutron energies from D-D. .

11 D{D,n)He’ neutron energies and recoil proton ranges in Ilford C2
emalsion at'0 and 90 to the 45 kilovolt Cockeroft-Walton beam.

12. Recoil proton histograms from n(n;m)ﬂe3 neutrons emitted at 0° and

180° to the applied electric field.

13. m = O instability growth.
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