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2. BREAKEVEN:
Is it possible ?, T(d,n)a or SHe(d,p)a. or 11B(p,2a)a ?

3. EXPERIMENTS ON HIGH EFFICIENCY PLASMA FOCUS,
PF-50, W= 45 kJ.
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DISCHARGE DEVELOPMENT

Sequence of the discharge development
in Plasma Focus.

The Schleeren-type pictures helps to
visualize sequence of processes leading
to neutron emission.

COMPRESSION COLUMN NEUTRONS 1- Discharge initiates along insulator
and in 100 ns converts to 2.

2- plasma sheath moving v~ 10° m/s

R risa i toward the anode nozzle, kT,~5-20 keV
3- Plasma rearranges to compressing
cylinder.

4- Plasma is compressed at the axis,
forming dense (10% ions/m3) column
(pinch), kT ,~0.5-1keV, v~10°m/s

5- The pinch exercises violent
instabilities causing ion acceleration to
MeV'’s energy; these ions are trapped in
the dense and hot plasma domains
where neutron production occurs.
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Plasma Characteristics at Compression:
- density: 10%° ions/cm3

- electron temperature: 0.5-1 keV

- time of compressed phase: 20-500 ns

Plasma Characteristics at Fusion:

- density: 10%2-24 jons/cm?3

- electron temperature: 3-10 keV

- time of ion acceleration: 1-5 ns

- abundant production of MeV ions, and hard X rays
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CLASSIC DESIGN OF PLASMA FOCUS

Nicolai and Tatiana FILIOPPOV (1961/62) Joseﬁ)lh MATlHER (I1|9§f})
linear ‘ .// i
DPF anode Iy
Filippov-type // ; :E
/ Tn
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{ i “ ex. =all 1 G 2
Pz L g 52| BT =E S &
474 LB RIS : 5| 3
== c, - INSULATOR sl - g, st BB g
/ N Jvﬁ‘
Fillipov Mather =+
50 kJ 1 MJ 50 kJ 1 MJ
Central electrode dia. [m] 0.5-0.7 0.9 0.04-0.08 | 0.16-0.25
Central electrode length [m] 0.12 0.26 0.2-0.3 0.5-0.6
D, gas Pressure [Torr] 0.5-2 1-3 3-8 5-10
Voltage [kV] 15-20 15 25-40 40-50
Neutron yield [per pulse] (1-3)x10"° || 10% 10%%-10" || (2-5)x10"
PP Inductance [nH] 20 24 50 80
Pinch current [MA] 0.7-0.9 2-3 0.7-0.9 2-3

6

135-uF,20-kV condenser bank
peak current 10° A
/4 =22 usec
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Early and Intermediate Stages of PF Phenomenon Final Stages of F Phenomenon

Breakdown and Current Sheath Acceleration Radial Comressaan Plasma Column Creation
Build-up Phase Phasge Phagse and Disruption Phases

R RR R R R R R R R

[usually eathede}

mnar electrode
[usualily anode)

HV H|.-|

Spark Gap
Condenser

I Bank

High Vacudm Warking Gas

experimental Pumping Systam  (usually
= chamber deuterium)

International Centre for Dense Magnetized Plasmas _*_
Warsaw, Poland :
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POSEIDON-250 kI, 60 KV, Smbar D2, Schlteren, exp. time 1 ns

[t
Ll

PLASMA COLUMN
COMPRESSION SEQUENCE

SCHLIEREN PICTURES

Herold, Schmidt & Stuttgart Univ. Team

120 iz 146 ns 191 s

. NEUTERON SIGHAL

Eeutron Sngm’dt f =1E(22) fem3
kT=10 ke
t = 5ns;
ermizsion of energetic::
0, p D+ HE

X-ray PINHOLE
PICTURES

FPOSEIDON-280 kT

/ X-Fey pinhole picturas

+ 32 ns + 75 ns

- 58 ns
integrated
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hard x-rays

neutron signal

Intermational Centre for Dense Magnetized Plasmas _._
Warsaw, Poland
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‘—"—-—.__________-__-_1.
“"\JWV" haild x-ravs
N
> r\wf’,ﬂmwhﬂ_ﬂg‘ﬂnﬁrnn signal
% '-v-'\—l—'/ _.--'""E".' . ;

International Centre for Dense Magnefized Plasmas _'_
Warsaw, Poland
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Alelndrame iz Svrpems for Visusbisstion
af Ulers High-Speed Phenormena —

P&, W s, Pl sl

Exemplary results obtained by means of the MIS elements

Plazma colomn evolution during the final stages of the PF dizcharge
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FILAMENT STRUCTURE

FRONT VIEW OF PLASMA SHEET
(camera looks parallel to the axis)
Visible light, image converter camera,
5 NS exposure.

Filament structure has been observed at
Limeil, SIT, Warsaw, Moscow,....

5

t=2.6 psec 6) t= 27 psec

A. Bernard, A. Coudeville, et al, Phys. Fluids, 18, 180 (1975)
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TROUBLES IN PAST:

< INSULATOR

<=Switches

< FUSION YIELD FLUCTUATION

TROUBLES IN PRESENT:

d Lack of consistent explanation for: fine structure, ion acceleration
mechanism and nuclear reactivity,

d Lack of funding for PF fusion development,

¢ Possible neutron yield saturation ?

POSITIVE SIGNS:

< Large International Collaborations,

#x Industrialization of Plasma Focus Machines (small to
small/medium sizes).

13
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SCALING with CURRENT
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[ 1

physics for sheath carrying
A T+D (1:1) more than 2 MA ??

O *He+D (1:1)
& O D+D [¢ ENEA; ¢ IPPLM]
& %0+D (0.04:1)
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ESTIMATE of BREAKEVEN

Y, = nxtx<ov>xN.

Y -is the neutron yield per pulse;
n - is the plasma target density, 101°/cm3, W independent;
T~ W'7 - is the average confinement time of the D* and T* beams;
<ov> ~ W' - is the fusion reactivity;
N, = yxnxV
v = 0.005 — is the relative abundance of fast ions in plasma
target; estimated from experimental data;
V ~ W'8-is the plasma target volume; very scanty data to
substantiate W dependence as proposed.

So,

Y ~ W0.7 X WO.S % WO.S ~ WZ

16
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ESTIMATE of BREAKEVEN from experiments W < 0.5 MeV
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1 —T+D (1:1)
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=) { |—D+D |
E 1.E+03 - 11B+p (0.25:1)
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PF Energy Storage, W [MJ] 17
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Recently PF-50 has been built for variety of applications.

Target performance parameters:
Y, =10!" 2.5 MeV neutrons/pulse, and/or
Y, =10!3 14.7 MeV neutrons/pulse
Y, =10° radioisotopes/pulse; in gaseous form
FWHM = 50 ns
High reproducibility, clear engineering, potential for 1 Hz operation

18
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Cluter

Central electrode electrode

Alumina insulator - rods

Collector plates
back front

TAC AT
Chamber

seal coil picture

Rogowski's coil
Entrance to cavity
(citcle oroove)

i

PF-50 ELECTRODES

19
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226mm < CE diameter > 65mm
400mm < OE diameter > 140 mm
560mm < CE length > 254mm
560mm < OE length > 240mm
32 < OE rods number > 32
113mm < insulator length > 69mm

PeeI Rl

15nH <L, >25 nH+A
20-40 kV <V >20-27 kV
6us <T,,>34ps

2.6 mQ <R >8 mQ2
20
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MODULE OF THE’
CAPACITOR BANK

——

SAFETY LINE PF chamber

"”m\( with electrodes  CHARGING UNIT

inside

T;

"o i ="

VIEW OF THE EXPERIMENTAL HALL (TWO PF50 ARE SEEN)
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PLASMA FOCUS

External inductance (Lext)

RITIUM PORT
% | "'-'*-
——— e

T
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TRANSMISSION LINE
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]

Digitizm@d¥eilloscope with traces from
Current & H.V., neutron detectors, efc.

PLASMA FOCUS

Digitize ta control/storage
b

't Data l:nntrl_]l-"sturage-.
From GM’s and NaJ(Tl):
/

24



PF-50 has operation range
W=25-50kJ
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FOCUS

Neutron Yeld, [10 *° ] neutrons/pulse]

o EXP
Yn~ WA2

25 30 35 40 45 50 55
W [kJ]
Y,= (8.10£0.07)x10"%; o =1.0x 10"
FWHM, = (47.2+1.3) ns; o =18ns
Imax = (0.940.03) MA; o =0.12 MA
V=26 kV (W= 45 kJ); pp, = 6.5-7.5

——20kV (W=26.5kJ)
——22.5 kV (W= 33.5 ki)
==tr=26 K\ (W= 45 kJ)
——27.5 kV (W= 50 kJ)

2 4 6 8

D, Presure, Torr

10

25
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STATISTICAL CHARACTERISTICS
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10

Number of Shots with '’F-Production
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27



Presentation at 7-th Symposium “CURRENT TREND P L A S M A F O( : U S
IN INTERNATIONAL FUSION RESEARCH”:

by J.S. Brzosko, 03/07/2007

1.4

0.8

Y.u(6)/Y4(90%)

—O—5TorrD2

0_6 —3—7 Torr D2
—aA—5 Torr D2 (2.5% 02)

0.4
0 30 60 90 120 150 180

0 - NEUTRON EMISSION ANGLE [deg]
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MOVING BOILER

0.15 1 PF-7 — 0°

PF-12
0.1

PF-250

0.05 +

time integrated
Neutron spectra [a.u.]

15 2 2.5 3 3.5

Neutron energy [MeV]

Time integrated neutron spectra:
Measured at 0 deg. have
maximum at E = 3 MeV;
Measured at 90 deg. have
symmetric maximum at E = 2.45
MeV; and FWHM =~0.3-1 MeV;,
Measured at 180 deg. have
maximum at E_ = 2.1 MeV.

Conclusion: neutrons emitting
plasma moves axially with speed
equivalent to 30-40 keV/nucleon

dY(D)/dE
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04 D- beams
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0
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dviok

dY,/dE,

014 NEUTRONS
012 | E(D")=20keV
0.1 { E(boiler)=0
008 19=0° & 90°
006 .
004 | 1-st interval
002 -
0 i
0.0 1 2 3 4

0.05 1

E(D")=200keV
E(boiler)=0
0= 0° & 90°
2-nd interval

E(D")=75keV
E(boiler)=75keV
6=0°

3-rd interval

| 6=90°

E(D")=75keV
E(boiler)=75keV

3-rd interval
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Alumina
insulator

(c)

Hole for installation of
the outer electrode rod

55<—8p

Details of knife-edge. Design of a knife-edge is shown in (b). (c) Shows case
when front plate has rounded edge with radius ry; usually r, = 0.01-5 mm.
Spacing between insulator and front plate is about 0.1 mm. Length of insulator is
counted from upper surface of the front plate.

30
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KNIFE-EDGE ?

O——(N_ (2)

O\

Y, [10"]

<O Lext=0nH -exp

O Lext=12nH -exp

Lext=0nH - fit

Lext =12 nH - fit

I
5
4 ,
3 ,
2 ,
!
O ,
0

2 4
AR [mm]

PLASMA FOCUS

N X

<& Lext=0nH -exp
= Lext = 0 nH - fit
O Lext=12nH -exp
= Lext = 12 nH - fit
A Lext=20nH - exp
Lexp = 20 nH - fit

8 6 4 -2 0_2 4 6 8 10 12

H [mm]

Some trends in neutron yield vs. design parameters of a knife edge. (a) shows Y, (AR) — AR
is the distance between insulator and the knife edge; (b) shows Y, (H) — H is the height of
the knife edge. In (b) are included results for the “negative knife-edge”; r, instead of H is
used. Experimental data show average Y, values as measured for optimum of filling gas
pressure. Smooth curves connect points of the same series.

Best operation at 45 kJ requires installation of a negative knife-edge !! 31
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KNIFE-EDGE ?

] (] #34-a; H=12; Lext= 0 nH; A #34-b; H=1 2 Lext= 20 nH;
5.2 ] B #35-a; H=6; Lext= 0nH; A #35-b; H=6; Lext=20nH;
= B #36-a; H=3; Lext= 0nH; A #36-b; H=3 © Lext= 20 nH;
| @ #36-d; H=3; Lext=30nH; & #33-a; r0=7; Lext=0nH;
| Lext= 0 nH - MHD-calc. Lext = 20 nH - MHD-calc.
f Lext = 30 nH - MHD-calc - = | ext= 0 nH; r0=7; fit
4.7 i
iy |
= |
an |
3 4.2 |
Z i
e |
= |
C 3.7 -
H |
— |
E ]
= 3.2
2.7 1
2.2 ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10

FILLING GAS PRESSURE [Torr]

Marked points represent conditions (gas pressure) for best neutron production 32



. Presentation at 7-th Symposium “CURRENT TREND
IN INTERNATIONAL FUSION RESEARCH”:
by J.S. Brzosko, 03/07/2007

| HEAVY ION FUSION
. l , @
1: 12C(3Hg,n)140; 2:12C¢(3He,d)13N; 3: 12C(3He,4He)11C; Y/pulse
—+ 4: 14N(3He,d)150; 5: 14N(3He,4He)13N; measured
6: 160(3He,p)18F; 7: 160(3He,4He)150; for
Y/pulse W=7 kJ
expected | g:: 10B(d,n)11C; |_9: 12C(d,n)13Nj] 15 -
for |TOTIAN(A,NI50} [IL 160(d,n)I7F]
W=100MJ [ T27 T70(dn)I8F  13: D(d.n)3H: 22
[14: 3He(d,p)4He] [15: 11B(p,4He)2*4He)|
10E(19) 16: 6Li(d,4He)4He; 17: T(d,n)4He. /'l‘i/ 10E(Q)
E— ‘ 8
Reactions additionally ° 1

confirmed for W= 18, 45 kJ [L0E(18) 10E(8)

11&12 REAC;]I'IOfNS

10 other than fusion
MEASURED
wia
I:I n fusion
energy &
Reaction additionally 1 ] propulsion
confirmed for W=18 kJ  |10E(17) 12 10E(7)
/ 5
10E(7) 10E(8) 10E(9)
Calculated Reaction Yield, Y 33

W=7 kJ; 50% HZ & 50% LZ; Y ~ W"2



counts/60s (b.g. substracted)

S8 Presentation at 7-th Symposium “CURRENT TREND

IN INTERNATIONAL FUSION RESEARCH”:
by J.S. Brzosko, 03/07/2007
L HEAVY ION FUSION

1.E+05 ‘ 1.E+05 |
W=17kJ, 15GM W = 18kJ, 4GM
0,(0.5Torr) & D,(4.5Torr) (a) 0,(0.5Torr) & D,(4.5Torr)

| 1LE+04

no evacuation
data multiplied by 10

N=A,exp(-L,t)+A,(exp(i,t)

/\\\

l\

N=Azexp(-Ayt) [
\

e % 1.E+01 \l

evacuation \

data as measured X

LE+0L LY 8 LE+00 | N

g evacuation ,q 800 1200 0 200 400 600 800
instant TIME [s] TIME [s]
Detection of B+ decay; GM counters

I N |

1.E+04 0=0% x10 (b)

Acxp=2961/min

1.E+03
{ / 0=90% x1
Aexp= 2805/min

=
m
+
o
w

1 E+02 T T/

! >—

1.E+02

counts/60s (b g. substracted)

10 folds decrease of radioactivity after evacuation proves plasma origin the radioisotopes production
34
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HEAVY ION FUSION
1.E+07 - ‘ 0 1.E+07 - ‘
] W =45KkJ, NaI(Tl); 6 =0 ] 0
: ] W = 45kJ, Nal(TI); 0 = 90
. 0,(0.2Torr) & D,(4.8Torr) (a) 7 0,(0.2Tore) & Do(a§Torr) (b)
- _ 1E+06 g
E : g : \
5 ] E :
& 1.E+05 - keV: = \\
£ E o1l keV, 2 1 Ev05 . v511 keV;
£ N Ty, = 1.1 min " o |17, =1.1min
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g E T, = 5.1 mi g ] ?“<*
z m}_ﬁ 4= 5L min 2 LE+04 - . \7:
2 i - ° E i T~
z LE+03 - 2 z ] e
: —~ ] .
2 ] — —o— S 1E403 \ 71039 keV; ||
% 1.E+02 - = ; T,, =5.1 min
: - 1.E+02 -
= LE+01 - b x
] \ ]
1.E+00 N 1.E+01 ' %. =
GAS 5 10 15 20 0 5 10 15 20
EVACUATION TIME [s] GAS
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CONCLUSIONS FROM PF-50 PROGRAM:

<" Pulsed Power:: PF-50kJ can be build to work without failure
for 107 shots at 1 Hz; limiting factors: energy and life time.

<~ Reproducibility of pulses (yield, duration): very good.
<~ Electrode erosion:: not limiting factor;

<~ Deuterium or Tritium circulation:: not limiting factor;
<~ Cooling:: not limiting factor;

< Tritium/deuterium leak:: requirement for certain temperature
window (for chamber).

<~ System ready for engineering version.
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