R R R MR RO N W N LT MU W W W I N W R T O R R R T TR T Y

SIT-AFOSR-N-85.86.87-1

ﬂega-Amp Opening Switch with
Nested Electrodes/Pulsed Generator
of Ion and Ion Cluster Beams

V. Nardi
July 30, 1987

Final Report
(and Annual Report
for the period
June 1, 1986 ~ June 30, 1987)

DTIC

ELECTE
AUB 2 5 1988
%
H

AFOSR 1984-1987
Grant No. AFOSR-84-0228

UTION 8TA A
Approved for public relecse; ;:::3:;:3'.;'
Distribution Unlimited e

i lf

A \J
O

88 8 25 059

ty
’ \

"
0
N
A AT O A ) AT O T s, T T T W A, O Y W P
.h.h...h!l:'.hmsmm. it > -.n, .~ '-‘"'\\ N w\' N Ny "0‘!‘0‘,:‘0‘}“!":‘3 W'



DISCLAIMER NOTICE

Z @
e

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



X I S PO A A A A A A S W P T R I R L R RN R R R R X T T AT AT ITORDOYIN

)
o
: "y
v .‘
DR
Unclassified s
[ ot
| SECURITY CLASSIFICATION OF THIS PAGE o)

REPORT DOCUMENTATION PAGE .:A
]
Ts. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS ;,:.:
Unclassified L)
78, SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT .
- RA]
CK)
TION/DOWNGRADING SCHEDULE dpproved tor public release, :';‘:
2> DECLASSIFICA v distributionunlimited .:4&
"“
4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S) :::,,'
(
AN
SIT-AFOSR-N-85.86.87-1 AFOSR-TR.- 88-0Q02
[Ty {
68. NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION ’l',f
(1f applicable) “1
. (A
Stevens Institute of Technology AFOSR :,;.
(]
6c. ADORESS (City. State and ZIP Code) "| 70. ADDRESS (City, State and ZIP Code) ::‘0"
. X}
Castle Point Bldg 410 :
Hoboken, NY 07030 Bolling AFB DC 20332-6448 ‘
¥ (‘t,
8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL |9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER '
OAGANIZATION (If applicable) )
AFCSR NP AFOSR-84-0228 ;:,,
~0
8¢. ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS. Wy
Bldg 410 PROGRAM PROJECT TASK WORK UNIT »
Bolling AFB DC 20332-6448 ELEMENT NO. NO. NO. NO. ..;
iy,
07 o
11. TITLE (Include Security Classification) SU) ve a-ém Openin 61102F 2201 |..'l
itch with Nested Electrodes/Putscqd"BenBEatod .n::
NS
12. PEASONAL AUTHORI(S) Vs
V. Nardi .
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr, Mo., Day) 15. PAGE COUNT ;\" N
. rrom Jun 1 86 ;5Jun 30 8f July 30, 1987 38 ' .':
16. SUPPLEMENTARY NOTATION 'ﬁ‘
\)
&
P
Y.
COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block numbder)
L
FIELD GRouP Su8. GA. Plasma Focus Voltage Neutron :::
J
A
19. ABSTRACT (Continue on reverse :[ necessary and 1dentify by block number) 0"0,
See Other Side 13
Ve
.'0
("
1
uth
oot
e
o,
O
N
falt
20. OISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION ...
.v
. (¥ )]
uNCLASSIFIED/UNLIMITED K same as RPT. T oric users Unclassified ,?::,
{
22s. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE NUMBER 22c. OFFICE SYMBOL ::"'
tInciude Area Code} "':0
Lt Col Bruce L. Smith 202-767-4994 NP e
DD FORM 1473, 83 APR E€DITION OF 1 JAN 73 IS OBSOLETE. o
SECURITY CLASSIFICATION OF THIS PAGE .-:‘\




gt gt aNat gttt R ta T p VA U far Bt et Bab 00 0t 9 0 E 0 06 gabty 0 e 870 00 A% 045 $in Bbe 9% 4V, LNV URUNON VW ATND = A ¥ v a0 ¢, 20 020

C'."‘|"
. W
) i ."‘:E;
Unclassified ._
SECURITY CLASSIFICATION OF THIS PAGE 'E;::::
.0'. t
B e
The use of a plasma focus as an MA opening switch has been demonstrated ﬁﬁgd
by two modes of cperation: (A) Single shot Mode; (B) Repetitive Mode with a G
repetition rate of 0.1-1 MHz. The peak current in (A) was - 0.6 MA (from a 8 e
kJ capacitor bank at 18 kV) and in (B) ~ 0.2 MA (from a 4Q kJ pulse forming o
network at ~40kv). A voltage multiplication by a factor,< 7 was observed i
during the 0.1 us opening stage in (A), and by a factor < 2.4 in (B). The use y&y}
of field distortion elements (FDE, say) in the interelectrode gap indicates ﬂhy
that the neutron yield (from D-D fusion reactions; deuterium filling of the RS
discharge chamber) increased by a factor 10 as compared to the yield of the —
same system operating at the same energy level and under the same voltage and Gy
filling-pressure conditions but without field distortion elements. Misfirings Shﬁ
of the plasma focus machine are also virtually eliminated by using an FDE at Wy
the coaxial electrode breech. In the course of our tests (based on about 10¢ ¢$w
shots and five plasma focus machines) we have also demonstrated that a sizable hh&ﬂ
amount of nuclear reactions with high-2Z nuclei (C,N) are induced by the Mev D H MY
ions which are accelerated and trapped in the pinch when we enter in the L
filling gas :D,+1-15% of carbon {or nitrogen) atoms. The observed reaction ety
yield for high-Z nuclei is increased by suitable FDE’s and is about 3% of the &h@k
D-D fusion reaction yield. The neutron yield Y provides for all shots (with “2%"
or without FDE’s) a good quantitative estimate 8f the performance of the $?;b
plasma focus as an opening switch, i.e., Y is strongly correlated with the Votly,
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List of Completed Experiments and Results

During the period of three years of the research contract we have (a)
detected and clarified basic physics processes occurring in the plasma pinch of
focused discharges, (b) improved the performance of focused-discharge systems
as MA opening switches, and (c) brought close to completion the construction of
an upgraded plasma focus machine of 200 kJ at 60 kVv. We list under (a):

1. The production in deuterium and hydrogen discharges of heavy ion clusters
with a mass/charge ratio from m/z ~ 1 to m/z »> 10* (in atomic units) with
MeV ions. [Ref. 1,2]).

2. Determination of time and space structure of the source and of
source-brightness characteristics. [Ref. 3 and ref. quoted therein].

3. Focalization of kA ion-beams in pulsed magnetic lenses and ion-beam charge
neutralization with relativistic electron beams for low-energy plasma-focus
machines (6-15 kJ). [Ref. 4 and Appendix 1 of this Report!.

4. Determination of the typical linear dimensions () of the
extremely-localized regions of space within the source where ion
acceleration starts and is completed (A ~ 100 um) with an ion-energy gain
greater by a factor 500 than the energy corresponding to the externallyv
applied voltage. [1,2,5 and ref. quoted therein}.

5. Production of nuclear reactions with high-z atoms (B,C,N,0) inside the
plasma source of the beam, where the self-magnetic field of the source is
trapping the bulk of the accelerated D ions. The produced amount of
short-life isotopes from the reactions of high-z nuclei is a few percent of
the amount of D-D fusion reactions. [4,6 and Appendix I of this Report].

6. Determination of the D' ion-energy spectrum as a function of time with a
compact Thomson spectrometer (time resolution = 1 nanosec; a sinusoidal or,
in a different mode of operation, a ramped electric field has been used
with the time-dependent component E(t>) of the same magnitude of the
constant component E_ ~ 1 kV/cm of the field). The low-energy D -ions (%
0;1 MeV) are gjected from the plasma source ~ 100 nanosec earlier than the
D of energy L 1 MeV. The delay in the ion time of emission is tapering
off with increasing values of the ion energy. I[1,2,3,5,7].

The improvements listed under (b) have been obtained by using
field-distortion elements (FDE) between the electrodes. The FDE’s have the
effect of:

1. Vvirtually eliminating the misfiring of the machine, so that the peak
overvoltage during the "open" stage of the system reaches in the majority
of the shots a value close or equal to seven times the initially applied
voltage V_ on the electrodes (in a single shot mode of operation) and of
increasin8 the neutron yield from D-D fusion reaction by a factor > 3-5 for
the same voltage Vo and capacitor-bank energy W,. (6,7,8].

2. Providing the possibility of a MHz-repetition-rate mode of operation of a
plasma focus machine with a substantially reduced probability of bad
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pinches (i.e. weak pinches without a corresponding x-ray pulse). We have
tested this mode of operation by powering a small plasma focus machine
(equivalent in size to a 1 kJ machine) with a pulse forming network with a
constant = 150 kA current pulse of duration 20 microsec, at a peak voltage
V_ =" 40 kv (with a network loaded up to W_~ 40 kJ). The maximum
errvoltage in the MHz mode of operation i€ about 4 times the applied
voltage Vo- [5]

3. Increasing the azimuthal uniformity and the sharp definition of the leading
edge of the current sheath. With these improvements the imploding current
sheath during a time interval of about 100 nanosec before the pinch
formation is an aberration-free pulsed magnetic lens suitable for the
focalization of very intense pulsed ion beams with any energy, from a few
MeV to > GeV. [4]

4. Reducing the damage (boiling-off and heating) of the insulator at the
breech of the coaxial-electrode system. This is a particularly important
advantage in the repetitive mode of operation (~ 10 Hz or ~ 1 MHz) of the
machine at high-power level. ([5].

During the construction of the upgraded 200 kJ plasma focus machine (c) we

have:

1. Manufactured and tested on thousands of shots five (30 nh) MA closing
switches (one field-distortion switch is used for each of the five 40-kJ
modules which power the machine) with acquisition of complete series of
data about erosion (negligible) of the synthesized material (kulite) of the
electrodes, and on the lifetime (>> 2000 shots) of the insulating-material
components in the discharge—exposed volume inside each switch [5].

2. Tested new power-transmission lines (each formed of a pair of parallel
plates > 2 yard long, suitable for the ~ 10 ns jitter of the switches) as
on alternative to coaxial cables, with the purpose of reaching a higher
charging voltage V_ of the capacitor bank, with acceptable breakdown
limitations (on V_J for switch-plate and for plate - plasma-focus-header
connection. [5 afid this Report].

3. Built and operated a 40 kJ (at V_ ~ 40 kv) pulse-forming-network which
generates a current pulse (20 psolong) of constant amplitude (150-200 kA)
for switch testing, in parallel with the repetitive mode of operation (at a
MHz repetition rate) of a plasma-focus opening switch. (5]
These results have been extensively reported in the following References

(the appropriate Reference for each of the above items is indicated in square
brackets).*

(*) To gain insight in the applications of plasma opening switches theoretical
work on the mechanism of MeV ion acceleration in a "medium" type of accelerator
(plasma waves with » << 1 mm and plasma diodes, » ~ 1 mm) has progressed with
the collaboration of visiting scientists. [9].

L T = O e o A M L i o W P (o W (R o W W A L W & AW O g

x
jf ) o

e

~

A,



References

1. V. Nardi: Contrib. to Megagauss Technology and Pulsed Power Application
(MG-IV), M. C. Fowler et al. Eds., Plenum, N.Y. (1987) p. 269-277.

2, V. Nardi, C. M. Luo, C. Powell: Proc. 6th Int. Conf. on High Power Particle
Beams (Kobe, Japan 1986) p. 447-450.

3. V. Nardi, et al.: 13th Europ. Conf. on Controlled Fusion (Schliersee, FRG,
1986), vol. 10C, part 1, p. 368-371.

4. J. S. Brzosko, V. Nardi, C. Powell, D. Zeng: (Acceptd for publication in
the Proceed. of the 15th Europ. Conf. on Controlled Fusion; Dubrownik, May
1988, 4 pages).

5. V. Nardi: Annual Report for AFOSR (SIT-AFOSR-N-85.86.6) July 1, 1986, pp.
47.

6. V. Nardi, et al.: IEEE Trans. Plasma Sci., Vol. 16, 374 (1988), Part II.

7. V. Nardi: Annual Report for AFOSR (SIT-AFOSR-N-84.85.4) July 1, 1985, pp.
33,

8. V. Nardi, et al.: IEEE Trans. P{lasma Sci. Vol. 16, 368 (1988), Part I.

9. V. Nardi, F. Gratton, G. Gnavi: Phys. L. 121 A, 427 (1987), and Proc. 1l4th

Europ. Conf. on Controlled Fusion (Madrid 1987), vol. 11D (part 3) p. 1127.
W.H. Bostick, V. Nardi: Proc. 19th Int. Cosmic Ray Conf. (LaJolla, CA, Aug.

1985), S. C. Jones, Edit. NASA Sci. & Tech. Br. (0G8.2-14) vol. 3, 183
£1985).

( !
g::\."w'
KO0 :'t"

O
..I Lat, %t

AR
SRS
pESEAIe

S

.
Y
-

Pl
.: :

-

-
A

£

NN

. - neY WL R T R N i S A R R S LN OL P IS B PRI R L (ol o g i LAy '.l:'! Ca
LR A I MR M Manam bt Xy T B L e 2 o R e, AN



s bbb L L UL A S LSRRV R S LU A% gvy 7,30 Ny , - o yeR vy
(ke Ral DL L N AR AN 070 4§72 3%8 & 10 B0 Ba8 Dot 8.0 Dav aS 12 Ba Has sav oo s
7 4 L vy v

|
|
|

R
/ ::'. '::"D‘

RO

Technical Details

Fig. 1-(a): Schematic view of pulse forming network/line with plasma focus
(PF), anode (1), cathode (2), insulator {pyrex) sleeve (3), Rogowskj
9021 (4) ?or measurements of the electrode current I and current variations
I (=dl/dt).
—(b): Equivalent circuit. The inductance L; of the Tjne between capacitors
is determined_from the construction geometry Lel= L?a + Lté
(L, = 4nx10-7a¢/c, Ly, = 4ax10-7bi/c where ¢ s th&widtA®of the hot
pl%%e, ¢ the distance Between capacitors, a the distance of the hot plate
HP from the lower grounded plate, b the distance of HP from the top
grounded plate; see following photograph 1-C of pulse forming netwark).
The trigger electrode of the main switch SW ~ before closing - is at the -
valtage Vq/2 (V4 = hot plate voltage). A negative pulse - Yo/2 is used 15} E
for shorting SW (H.V.D.C. is the high voltage DC line for charging the *;$ ¢~“
)

capacitors).

A R
5
'l£

:

f;gf

VAN

Y
¥
By
[
o

&

AN BT \ R " e L gl RS NIy Qﬂ}f S
..... 1 (b it a4 . Y ¢ D LV R o Nt - . f'-w‘ A-
A V. 40 Y, oty m”;’f AN C ORI I \.V:."xf:'»"; v'{.\. .



o
[
. S
L 3
'< 2
- Y
F4 - e
s ¢ e
i <|c -
* . %Y
o o
- -
Q |
- o
(%1 o :
frm ol 2
\ &
—_—
s v
i
e Tyo K 0$Z -
—— &
e Yo W €Ot =
| e kS ° .
e ayo W cct a \
=0 = .
&
5
> 7 3
Q
>
©
—; -
© —
Fuo W 00T .
=
"I /‘: 5-
(- i
id ost {
[3 Ll !
g MS-YSa1tas uxvu’
" —y311ns
e == , Uupla03SIP PLISa
|
|

( 6 fuF, 60 kv, 30 ah )

y Aerovax capacitors

Jj

Plaswa Focus

=l
-

( PF )

qun

—

vacuum chamber

.ml, = 240 ph, C,= C_=...= C = 6 microfarad
i 1 2 [}

.}5- . - - =130 nl
LPF 15-10 nh, l50 LSH 55-50 nh, Lc nh

Ly= Lo by e

-
n
® A

i
QO 0
S

s
,0hé§$z

>

\
¥
) '\l\\

o

(3
el
[
[

i
1

-
v



138 g% gS.

R A s B R R O AT

R R T o T T T T T T T S I ST R Y T T T T sy o oDy

Fig. 2: (a) Oscilloscope display of the current (I) pulse from the ten

capacitor network charged at Vg = 16 kV (the positive direction

of the I axis points downward only in this oscilloscope trace; in

all the following traces the positive axis direction is upward).

This signal is obtained from the time integration of the signal

(V « dI/dt) of the voltage divider 5 (during this discharge the PF
electrodes have been shorted with a metallic disc attached at the two
electrodes at the muzzle; consistently Lpg is, in this case, a
constant). Measurements of dI/dt during normal operations of the PF
(i.e., no metallic short between electrodes) are made with a Rogowski
coil encircling the center electrode at the breech (betwen the two
back plates of the PF) and also with a single loop magnetic probe in
the same location.

The dip in the middle of the current pulse ( and the current reversal)
is due to the limited number of elements in the network ( Nc= 10 )
and of LZ0 .
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Fig. 2-(b): PF Rogowski coil signal (I) and X-ray detector signal (X) ::":'.
-lower trace- from Pilot-U plastic scintillator and photomultiplier G
(Pilot-U thickness 0.1 mm, smaller than neutron mean free path). A
A1l capacitors have been detached from the network but one, the f ,
closest to SW (Vo = 30 kV, p = 4 Torr, Max I = 150 kA, n = 1.9x108); Mgty
only one pinch occurs in this discharge (both traces from the same et ::‘::'
discharge; shot 166). Both traces off scale: 100 V/cm upper trace, :::“ A
0.2 V/cm lower trace. A knife edge was inserted on the insulator B
(f.ke = 7.5 mm; white dashed 1ines are used to show trace location . "*"'-'1‘.‘
in portions of display where trace luminosity was low). ',;.i;;‘.;.‘
. .
-(c): I (in lower trace) and integrated signal I (in upper trace) .c?:"..::.':,. 4
from the same Rogowski coil signal (time constant of integrating 0.",:'.":'.:;6
circuit 1 millisec). Five capacitors are attached to the network(N_= ) i ‘gz'q':‘,uﬁ
(Vo = 30 kV, p = 2 Torr, Max [ = 150 kA, n = Q), this is an example P @
of Py type pinches which occurs seldom when a knife edge (Lye = 7.5 mm) N,
on the insulator is used. The second and eighth pinch are the strongest. t".::}:,:‘,m.‘,‘
Note that first pinch occurs after = 1.7 s after onset of discharge, ,.-::.!.{:a'.:df
i.e., the fiPst current sheath travels in the interelectrode gap at a “.:;::c‘tf.:-fr
speed vV, smaller (by = 10%) than the speed of the single current sheath :'.g‘,.,t'.‘q',oig!
in Fig. 2-6, in spite of the smaller value of the filling pressure in ] @
this discharge (shot 92). e
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Fig. 2-(d}): Interelectrode voltage (V) at the breech of the PF from a

valtage divider (V-divider 5 of Fig. 1-c) in upper traces, left

(shot 57) 2 V/cm and right (shot 58) 5 V/cm. Corresponding I from
Rogowski-coil signals in both lower traces, (same shots) 100 V/cm;

1 microsec/cm in both displays. In both discharges Vo = 30 kV,
p=2.5Torr; n = 3x107 for shot 57 which is an example of type P

of multiple pinches(first pinch strong, second and third pinches very
weak); n = 0 for shot 58 an example of type P2 pinches. Note weak
first pinch of shot 58 which occurs = 600 ns later than first pinch of
shot 57 with respect to onset of discharge. Some of the 11 pinches of
shot 58 are stronger than the first pinch of shot 57. No knife edge
was inserted in these two discharges ( Nc= 5).

(d2): 1 (uppertrace) and corresponding x-ray signal (X, lower trace),
same detectors as in Fig. 2-C (white arrows mark peaks of signal).
Three x-ray peaks are detected in shot 176 (left, n = 3x107), only
one peak in shat 175 (right, n = 5x107). Pinch somewhat earlier (by
about 200 ns) in shot 175. Both shots are examples of type Pj of
multiple pinches (Vg = 25 kV, p = 4 Torr, N. = 5 for both shots,

100 V/cm upper trace, 0.2 V/cm lower trace, 1 ns/cm for all four traces).
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Fig. 3 View of the 200 kJ plasma focus machine of Stevens Tech: (1) discharge

Fig. 4

chamber; (2) power transmission plates connecting the two rear (penthagonal) o
plates of anode and coaxfial cathode to the five modules (with four capacitors -
each) which power the machine; (3) the five modules of 40 kJ each are also
at the rear of the machine. The five closing switches(one for each module)
are hidden behind the power transmission plates (of length two yards) where
they connect to the five header plates (4) one on top of each module;
the base (5) of the switch is visible under the header plate of the two
modules on the left; each high-pressure field-distortion switch can carry
about 1 MA. A module header plate (with apertures for connections with
capacitors and switch) is on the floor at left(6).A 12 kG magnet for the
high resolution fon analyzer (M) is at right. The 10" diameter pump with
pyrex connector to the discharge chamber is on the front side(7).

Discharge chamber of the 200 kJ plasma focus. The anode (center electrode)

is a hollow pipe of diameter 10 cm. The cathode is formed by a circular K
array of 32 stainless steel bars. Both electrodes are visible through the

port (during the plasma focus operations a metallic screen covers the internal

wall of the port window).
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Fig. 4 -éa) Schematic view of the basic element of the MA opening switch

PF coaxial electrodes, with insulator sleeve and different types of
field distortion elements in the interelectrode gap). The configuration
of the axially pinched current sheath is outiined in the "muzzle" region.
The anode side of the current sheath propagates insida the hollow anode
after the 4 mm dia. pinch is formed. The best performance is obtained
with a knife edge 7.5 mm long at the breech side. In the numerical
calculationswe have used knife edges with a triangular cross-section

( 2 mm high, on the breech side); see Addendum I and II.

-(b) Cross-section of modified knife edge for tests on reduced particie
emission from the pyrex surface (figures in mm). Electrode (outer electr.,
cathode,dia. 10 cm, anode dia. 3.4 cm) and pyrex sleeve dimensions are
those of 6 kJ {45uFcapacitor bank, single shot operation) PF .
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Boundary conditions for the numerical calculation reported

in Fig. 4-(c). Different values of the knife edge (ke) length Le#

have been tested numerically and experimentally: Lex= 3, 7, 12, 17 mm.
Two additional inserts ( 2, 3 ) have been used in the numerical
calculation , simultaneously with the ke at the breech of the PF

( the field distortion of 2, 3 do not substantially interfere with

the field distortion of the ke(1)). No appreciable variation of the
neutron yield is observed with ( 2, 3 ). In all experimental tests
only one of the elements 1, 2, 3 was used in one discharge at cne time.
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Fig. 4 -(c) Vector plots of interelectrode static electric field (i.e., before e
breech breakdown) from numerical calculations: (I) None of the field \pﬁgkﬁ
distortion elements is inserted. (II) Knife edge (ke) of length Lke = 7 mm ,\'
(and elements 2, 3) inserted; with ke the axial (Z) component of the sty
electric field has higher values and extends on a region wider by a factor 2 i ‘
than the z-component region without ke. 'pﬁbﬁy
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changed in (c) as compared to (a), (b) in that the mi-4irizgsare '.I:‘.l,
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Fig. 6. Schematic of the cable-discharge system (via a Kryton tube) for
generating the stepped-voltage component V_(t) on the Thomson spectrometer
electrodes in (a). Typical stapped voltage V_(t) on the spectrometer electrodes
-and on the oscilloscope display-in (b), used to obtain the distorted (stepped)
sequence of parabola segments of the ion track-pattern in (c); the voltage V
is decreasing with timeiexposure of the target to a single plasma-focus shot
(at 0°) with the electric field E, applied to the electrodes (Max ET = 5kY/d;
d = 4.5mm is the spacing between the spectrometer electrodes which alsc
generate the S5kG field) . Tne vertical ion-track pattern is obtained from a
di fferent shot in which the electric field is turned-off. (d):same as (¢) but
with a double exposure. After the first exposure the same electric-field
strength-but with opposite sign -is applied on the spectrometer electrodes
to check reproducibility (0-D neutron yield Y, v mean value in both shots).
(e) reports the distorted parabola obtained with a periodic electric field (Ref.
(f) reports the typical stepped voltage on the speEErometer electrodes described
in (b). -~
Note the double pattern , from two 0*- fon pulses ( 1, 2) for the same value
of the momentum per unit charge P/Z on the left pattern as indicated by
arrows 1, 2 on the photograph of the CR-39 target in (d). Time spacing between
these two pulses(of comparable intensity in the same spectral region)is 3-5 ns.
( Target T-DZ-22A; single shot mode of operation of the plasma focus with a
4 kJ-at 17.5 kV- capacitor bank; Yna 4x108 neutron/shot; 4 Torr of Dy filiing).
The first strongly-marked Vp-vo1tage step ( lower side of the track pattern
on right and left pattern ) is actually the second step of the applied voltage
Yp(t) . The first step in time can be detected by inspection of the low
portion of the track pattern of relatively-weaker intensity, at higher values
of the 0 enargy. The absolute time of a stepped reduction in Vy is measured
from the time of the sharp peak in the time derivative ( dI/dt ) of the plasma-
focus-eiectrode current I - from the signal of a Rogowski coil near the main
switch - ( at this time , t=0, the explosive disintegration of the pinch is
triggered by a surge of anomalous resistivity ); this signal is used to start
2 ns discharge of a nigh- voltage cabie(*rough a kryton tube) connected to
the Thomson-spectrometer electrodes. The transition time from one value of Iptc
the lower step ( via voltage-pulse reflection at the cable termination ) is 5 ns.

A maximum of time resolution 1is achieved during this transition time .
9g» 9p Indicate electric-field and magnetic-field- induced deflections,respecti
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Fig. 6 - g : Typical delay time { time lag ) in the emission of

0* ions from the exploding pinch ( emission in the 09 direction

along the electrode axis ?as a function of the ion energy Ej.

The Tow-energy ions are emitted at an earlier time than higher- energy
ions. The relative time of emission is obtained by comparing the difference
hetween time of impact on the target and time of flight( known from the ion

energy and the distance source-target ) . The"absolute"time

of emission is determined with respect to the peak in the current

drop on the electrodes( surge of anomalous resistivity in the pinch).
The typical time of emission of the fons with E; = 200 keV

is about 50 + 10 ns after the time of peak in the electrode current
drop. .

Target T-11-3
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Appendix 1

HEAVY ION FUSION IN A DENSE PINCH WITH ENHANCED COMPRESSION,
ION ACCELERATION AND TRAPPING

High space resolution imaging with a pinhole camera of the plasma
focus pinch (from X-ray and particle emission) indicates the existence of
localized hot spots which are the source of the hard component of the
pinch emission (> 3 MeV DY fons and > 10 keV x-rays)"q. These hot spots
(with typical linear dimensions of 10-200 um) are embedded in an extended,
diffuse source of softer radiation (X-rays, ion and ion clusters) which
form the profile of the plasma focus pinch. The hot spots are clearly
linked to the filamentary fine structure of the pinch from X-ray pinhole
images which show space correlation and overlapping of those elements of
the pinch fine structure.

We present here independent data which supports the ubiquitous nature
of these elements of the pinch fine-structure.

Important information about plasma hot spots which are the site of
high nuclear reactivity and of the acceleration, confinement and/or
emission of high energy ion beams (HEB, say) has been obtained from (d,n)
nuclear reactions involving heavy nuclef (A ¥ 15)%. During our experiments
the discharge chamber of the advanced plasma focus (APF, say) fed with a
7 kJ (at 17 kV) capacitor bank was filled with a suitable mixture (e.g.,
D, and N, or D, and C,D,) with an atomic ratio, r, of heavy nuclel as

large as r = 0.15/1. The B* radiocactivity of the reaction products in the

gas was measured after each APF shot and, at the same time, we have
observed the 8* radioactivity from (d,n) reactions in solid external
targets of !°B, '2C, !'*N, '*0 (axial, 0°, and side-on, 90°, directions).
The "effective" D* energy, E,, fitting the observed amount of each of
those reactions i1s E, > 2 MeV if we take the DY energy spectrum of the
form 3¢/3E = ¢,E"™with m = 2.5 ¢ 0.5 and ¢, as determined from the
observed D-D neutron spectrum and other datad . Special precautions were
taken for a correct identification of the reaction products in the gas and
in the solid targets. From the observed 8% radiocactivity of each species
in the plasma and in the external targets (in the same shot) we determine
the (d,n) reaction yield, Y, of each reaction; the measured neutron yield,
Y., provides the yield of the D(d,n)*He reactions. Our data from many
shots indicate: (i) a linear correlation among all measured yields Y's of
the heavy ion reactions; (ii) functional dependence Y -~ Yn’ on the neutron
yleld. For a specific reaction the measured ratio of the yield in the
plasma, Y, and the yield in the external target, ¥ET’ in the same shot
can be equated to the analytic expression, {.e.,

(Yp/! p -(nr-r4r+1»A'I(3¢/3€)oE°’dE/f(3¢/aE)yadE (1)

ET)ex

a3
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— In this equation the only unknown quantity is nt, n-is the total density a:ﬁg
(i'i of nuclef in - and 1 is time of the HEB transit through- the plasma Tt
- target. A - is a unit dependent constant, a-accounts for the B* hg&u?y}
selfabsorbtion in the external target, y(E) = [ g(dE/dx)~'dE i{s the = "'
experimental thick target yield of a monoenergetic beam , 0-1s the ' A
(d,n) reaction cross-section. In the integrals the lower limit 13 the §$§bﬁg
reaction threshold energy and the upper limit is the highest observed hﬁq
energy of the ejected D* HEB, i.e., = 10 MeV, el
From Eq. (1) we find 3-10'?cm™*s < nt < 1.2-10'%cm™’s from shots with dan

Y, = 10 *, independently on r, for all reactions with '2?C, '“N in the i
plasma, and '°B, !'2C, !"N, '*0 in the solid external targets. The st
uncertainty in the determination of nt depends on the detector geometry, N \‘..:!f_
the accuracy of the cross-sectiniis and the relative fluctuations of the 8* n o
activity for a specific value of Y,. By taking an "effective" life-time ‘ a
of HEB (inside the reacting plasma region, possibly a multiplicity of hot é;sﬁiﬂ

spots) equal to t = 25 ns (where t is the FWHM of our neutron emission @

signal from an NE-102 scintillation detector) we find 1.2102° cm™® < n < ]
4.8+10%2° cm~®. This value of n (a minimum value estimate) contradicts the
value from usual density measurements (n, ., = 5-10'° em™?) with a 2mm
spatial resolution 6 . Alternative attempts of explaining the observed
high value of Yp/Ypy (specifically Yo/Ygpy = 0.03 for '2C(d,n) '’N with r =
0.15 in the filling mixture) fail as: (a) the assumption of an anomalous
concentration of the heavy nuclel with an increase of r in the hot spots,
above the initial value of r in the filling gas, decreases the
reaction-fitting value of n by factor = 4 for the heavy ions but
simultaneously decreases far Y, by a'factor - 3 in contradiction with the
observations, (b) the assumption of a significant slowing down-over
extended plasma regions-of accelerated D* ions from the hot spots changes
Yo/Ygr but it requires (for an estimate of Y, consistent with the
measurement) an HEB population of such a - ignitude (via ¢, ) that it would
exceed the capacitor bank energy (the D* slowing-down time would also be
too long, i.e., about 3 times longer than neutron signal FWHM).

Since no valid alternative 1s found to the picture of high-density
hot spots where the bulk of the nuclear reactions takes place we conclude
that the heavy-ion reaction yield is an excellent supporting argument in
favour of the hot-spot existence and leading role. The validity of the
concept of high-density hot spots requires that the hot-spot dimensions
are small enough for not significantly contributing to the direct
measurements of n with space resolution of = 2 mm. By assuming that a
multiplicity of hot spots can change n not more than 10% (the
experimental uncertainty in a direct measurement of n) we estimate a hot
spot dlameter of about 100 um, In agreement with our direct experimental
observation.

The pinhole image of the pinch from particle emission is recorded on
a CR-39 target (with suitable ifon filters) where the nonuniform
distribution of etched tracks of ions and ion clusters indicates that some
of the localized sources of D* fons with energy 2-4 MeV have dimensions
smaller than the pinhole diameter = 100 um. The small dimensions of the
localized sources and the extreme collimation of the ejected HEB's of
microscopic diameter are consistent with an accelerating -~ field intensity
of = 1 GV/cm. A compression in the HEB time of emission which is similar
to the space compression of a localized HEB source i3 revealed from time
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. Fig. 2. Zero degree pinhole image of the plasma focus.pinch. The central

[.} figure shows the typical diameter of the HEB ( = 1.5 MeV of D* ) ejected

- at 0° . Some magnification for 1,2,3,4,5,6 reporting details of center
photograph; #1 reports ion tracks of central spots bahind 25pm mylar screen.

;oo

25

( g ; ® B IO Wy P W X UL a7, [P N r XN L% v T
’w”, W8, »‘.ll A A_OL‘la " .. SRR ( y WIMNY, .rln|.| Q.‘.l.-' » %4, J-" XK n"-'!‘. a nr '.!".I...l ..l ..

S

8
A

bt tne:

o
AN
)

L) ?"
) )

l.',: !
‘0' .G‘ .g",
R
e
A
‘n. ""l‘“ ()
:"-') “Q::'i'ﬁ
o b’
épr (1 .'\.!..-
[ ]

U “i >
TR

A

4.8 4

"0 MR
oA
v

Y

\
o
\
W]

. i:l“‘.‘a.'
ot ol

.



XARERXK
! O

’
¢! L0 Q'!: o

resolved Thomson spectrometer data (the duration of the lon pulse is ) »;O:ngb‘tg:‘
. shorter the higher 1is the ion energy; e.g., Slow lons, 100 keV D*, are Nty
=4 ejected 50 - 100 ns earlier than 1 MeV ions)57 . An Increase in the ':‘-::“:::::::}
quantity of these hot spots (with a consistent increase of the neutron " ™
yield Y, and of the heavy-ion reactions in the pinch) was obtained in our B000
experiments with the insertion of suitable field distortion elements in f. ,’.::f
the Interelectrode gap. This establish the possibllity of controlling and :" c:‘:t:
increasing the amount of hot-spot activity for a variety of practical sy
applications. _".g:::g:ﬂg:
*Work supported in part by AFOSR, ONR (USA), CNR, MPI (Italy). "o;;::}i‘.:‘;&j
. F ."| ¥
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Fig. 1. Pinhole image of the pinch from the nonuniform distribution of .::':::':‘:0."5
etched ifon tracks on a CR-39 target (pinhole diameter 150 um). The *:a:l"::':v.tf
V-shaped image of the pinch 1s caused by a 5 kG permanent magnet inserted ey
behind the pinhole, between the pinhole and the target; the electrodes are AR
at the left. The magnet induces the splitting of the pinch image by ——— ‘(
deflecting the D* ions but it is not affecting the trajectory of the heavy @R’ﬂﬂ
clusters with z/m ¥ 0. The clusters at the right disintegrate later than u 'ht
the cluster at the left. Note diffuse image of hot plasma, emitting a 'n%s
relatively small fraction of neutrons (= 30% of total). o
The lower part of the V-shaped image along the horizontal electrode axies SRl Nt
is formed from the heavy clusters.The focalization of the current reaches TR
a maximum at the right side - this pinch region with a maximum of current Q'.::‘ih:::
density ejects clusters with a longer life time. %:,"Q:':é:’::::
W) "}
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Stimulated Acceleration and Confinement of
Deuterons in Focused Discharges (Part I)

V. NARDI, A. BORTOLOTTI, J. S. BRZOSKO, M. ESPER, C. M. LUO, F. PEDRIELLI, C. POWELL.
aNp D. ZENG

Abstract—Acceleration and confinement of megaelectronvoit D” ions
in the plasma focus (PF) are analyzed in terms of the observed energy
spectrum of the ejected ions and of the energy spectrum of the D-D
neutrons from which the trapped-ion spectrum is derived. The current
distribution in the interelectrode gap can be modified by field distor-
tion elements (FDE’s) which increase the fraction of the total electrode
current flowing in the pinch. An optimized FDE increases the observed
maximum value, Max Y,, and the mean value P,, of the observed
D-D neutron yield per shot Y, by a factor = 3. The ejected-ion spec-
trum is determined by three independent methods (Thomson spectrom-
eters, high-resolution magnetic analyzer, filters, and Faraday cups).

I. INTRODUCTION

HE energy spectrum d ¢ /dE of the ion emission from

a plasma focus (PF) pinch in our experiments has been
determined in the ion energy interval £ ~ 50 keV to 8
MeV with: 1) Thomson (parabola) spectrometers [1], 2)
a high-resolution magnetic analyzer with field-edge fo-
cusing (our energy resolution is AE/E ~ 5/1000 for a
D* ion energy ~1-4 MeV) [2], and 3) a time-of-flight
Faraday cup-filter method [3]. The energy spectrum of the
D™ ions which are trapped in the pinch region is here ob-
tained on a smaller energy interval £ ~ 0.6-1.5 MeV
from the D-D neutron energy spectrum as determined via
a time-of-flight (TOF) method [4]. Spectral determina-
tions have been carried out in other laboratories for the
trapped ions via the D-D neutron energy spectrum from
nuclear emulsions (n/em.) (6] and by a variety of meth-
ods [7], [8] (e.g., as those of [1] and [3]) including nu-
clear activation [4], [9], [10]. These data are mutually
consistent if we allow for a rigid translation via a constant
amplitude factor 4 in d¢/dE which essentially reflects
the different energy levels used in PF operations of dif-
ferent laboratories. Methods for increasing the ion con-
finement time in the pinch region are suggested from a
comparison of the spectrum of the ejected ions with the
spectrum of the trapped ions, from shot-to-shot variations
of amplitude, as well as from the d ¢ /dE amplitude vari-

ations as determined via a redistribution of the interclec-
trode current. The fraction of the interelectrode current
flowing in the pinch (usually from 50 to 90 percent of the
total, depending on PF optimization conditions, energy
level, and inductance of capacitor bank and power trans-
mission line) is generally increased by.using a suitabie
field disteibation element (FDE), specifically a metallic
knife edge (KE, say. of suitable diameter 4 and length /)
which encircles the base of the insulator sleeve. This ex-
tends the confinement time of high-energy ions inside a
broad region (of diameter = 2 cm) surrounding the pinch.
after the axial pinch disintegration, with a tripling of the
observed value of Y, in our PF system with a capacitor
bank energy W, = 6-10 kJ at a voltage V, = 15-19 kV)
(4]. Information on the megaelectronvolt-ion confinement
time is also provided by the amount of 14-MeV neutrons
generated from secondary D-T reactions (the tritium is
bred by primary D-D fusion reactions in the discharge
chamber which is initially filled with pure D, gas without
tritium) [S], [11].

The coaxial electrode /insulator geometry is of the
Mather type [12) (center-electrode /anode diameter 3-6
cm; outer electrode /cathode diameter 10 c¢cm) and has
been repeatedly reported in the literature [1]. {2], [12].

II. FUuSION-REACTIONS AND SPECTROMETER DATA

Systematic measurements of the neutron yield Y, and of
the corresponding maximum vaiue of the neutron energy
max E, detected in the same shot indicate that Y, is
strongly correlated with max E,: specifically. if we plot
Y, as a function of max E,, we find that Y, is monotoni-
cally increasing with max E, as reported in Fig. 1{a) [4].
[5].

The observed values of max £, imply values £ > 1
MeV within the pinch regions where D-D fusion reac-
tions occur. In Fig. 1(b) we report our observation for a
typical series of shots (at 5 torr of D.. 16 kV) of the ion
emission at 45° (of ions with energy SO keV < E < 2.4
MeV as it is recorded from etched ion tracks on CR-39
targets. The typical ion-track density is 10°-10" ions /cm”
at a distance of 15 cm from the pinch axis). These data
(but for a few exceptions) indicate an increase of the ion
emission, with the neutron yield Y, upto ¥, = 2 Y, where
Y, is the mean value of the yield over hundreds of shots
in the same conditions. For ¥, > 2 7, the ion emission
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Fig. 1. Y, versus max £, (the maximum value of the neutron energy £,.
observed in one shot from a TOF method [5]). Each data point with error
bars is generated as the mean value Y, from a set of 10-15 shots with
the same neutron TOF (T, £ 10 ns) on a distance L = 1486 cm between
detector and neutron source. Y, is the mean value of Y, from all sets of
shots. These neutron-energy data have been taken in the 90° direction
(i.e., side on) with respect to the electrode axis. (b) /; versus Y, from
D* track count on 45° pinhole image of pinch. Pinhole diameter is 150
pm: pinhole is at the same distance (7.5 cm) from source and target.
Similar resuits are obtained from images at 90° and at 0° (respectively.
with a somewhat lower and higher count than that from the 45° image).
A best fit with a parabola (and with a straight lineupto ¥, g 2Y,: data
points () are not included) is reported. Discharges with FDE (50 per-
cent of the total) and without FDE have been used for gencrating these
data points.

from the pinch region decreases and is below the detect-
able level when Y, ~ max Y,. The data of Fig. 1 are
consistent with the view that shots with maximum yield
correspond to optimum confinement conditions. The time-
integrated ion emission /; at 45° in Fig. 1(b) is determined
from the area S of the pinhole image of the pinch via
f\ - ds (where A = (number of ion tracks) /cm® on the
element ds of CR-39 target surface where the pinch image
is recorded). The pinch image has sharply defined bound-
aries with a drop of the ion-track density A by one or two
orders of magnitude on a distance < 100 gm at the outer
boundary of the image, so that only the area inside the
boundary contributes an appreciable amount of {A - ds
(track-forming ions on our CR-39 have an energy 50 keV
< E < 1.5 MeV). We may consider the Y, of each shot
as the result of two interplaying factors: 1) the rate of
decay of the magnetic structure of the pinch (a function
of location x and time ) which determines ion-acceler-
ating inductive field, maximum value of £, and max E,,
and 2) the confinement (or trapping) time of accelerated
ions within the magnetic fieid of any neighboring region
(at a location x + Ax, say) where the intensity B of the
magnetic field still has a high value at a time =r +

2)

2
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|{Ax|/~2E/m,. The data of Fig. 1 prove that both these
factors are controlling Y,,. Ion **confinement’” and ““trap-
ping’" are used here in two somewhat different contexts.
With confinement we mean the limitation of the ion tra-
jectories within the axial plasma column of radius <2 cm
(which includes the pinch) where a large fraction of the
interelectrode current continues to flow during a time in-
terval ~0.5 us (in our 6-10-kJ system) starting from the
pinch formation time. With trapping we mean the limi-
tation of ion trajectories within any of the elements of the
fine magnetic structure of the pinch as the filaments (with
a high density of particles and of currents) in the pinch
and in the off-axis part of the current sheath between elec-
trodes.

By inspection of the etched-ion tracks on CR-39 targets
and differential filters we find that the ion emission is
sharply peaked at 0°, with a drop ‘of the fluence
d*¢/dwdE (for E = 3-500 eV,, e = electron charge) to
a fraction < 1/10 of the peak value, at an angle 6, = 3°
from the electrode axis (0° direction). The amount
faw(dd /dw) dw of ejected ions inside the solid angle Aw
< 8.6 x 107 sr defined by 26, (the 0° ion beam, by
definition) has a hard component formed of a multiplicity
of ion streams, each of which is highly collimated inside
a solid angle dw < 3 X 107%t0 1.4 x 10™°srin a random
directior. inside Aw, i.e., in the 0° cone of aperture 26,,.
A similar multiplicity of ejected hard streams (highly col-
limated ion microbeams, say) is observed in all directions
[13] with a fluence minimum at # = 90° and a relative
maximum at 180°. This distribution matches the angular
dependence of the smoothly distributed, soft (£ < |
MeV) ion-emission component which contributes to ¢ an
amount {4, - 1,(dé/dw) dw ~ {4, (d¢/dw)dw (E z 50
keV). The pinhole image of the pinch from particle emis-
sion at different angles (90°, 45°, 0°; pinhole diameter
150 um) on CR-39 plates with differential filters [1]. [13]
indicates that hard ion streams are generated inside a mul-
tiplicity of *‘*hot spots’’ embedded in the pinch. Some of
the hot spots have a diameter—as recorded by the ion-
track distribution of ions with energy £, > 2.4 MeV—of
about 100 gm. i.e., smaller than the pinhole diameter [1].
[13).

Consistent information on ion confinement and trapping
is provided by the ion spectrum of Fig. 2. The reported
spectrum d ¢ /dE of the ejected D~ ions is simply do /dE
=47 X d°¢/dEdw. i.e., (47 /dw) x (observed ion flu-
ence in the solid-angle element dw at 0°). The method of
estimating the trapped /confined-ion spectrum from the
neutron spectrum dY, /dE, is described in Section II1 and
in the caption of Fig. 2. The data at 0° indicate that wide
variations may occur from shot to shot also at a fixed value
of the bank energy in the d ¢ /dE, amplitude but not in the
spectrum shape (this conclusion follows from comparing
the spectrum on targets exposed to a single PF shot with
the spectrum on targets exposed to at least eight PF shots.
each with ¥, = Y,. as is the case for the target with the
data ( ¥) of Fig. 2). For an assessment of the fraction
of confined ions N,(C)/N,(A) and of ejected ions
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with an empirical 7,7 = 10" (n, = 10" cm™". 7 is the

W\ [© -from neutron t-0-f, ENEA Ref.e.lv . . . - '
ion-confinement time) {5}, [11). This estimated Y, , is

N\ [ fromneytron spectra ENEA Ref.6.11 (n/em)

_w* N smaller by a factor ~ 50 than the observed Y,. This leads
g L\ \\ 222 to the conclusion that N;(A) = N,(C) >> N,(E). The
H l\; N N confined /trapped spectrum (upper part of Fig. 2) is de-
% to's 1 AN rived from the observed neutron spectrum by following
P \. N\ the method described inthe next section. A concentration
f " g2 W of the diffuse-plasma current behind the first current sheath
> . L R X
.- \Q in a multiplicity of pinching current sheaths is one of the
o \.\ mechanisms by which an FDE increases the confinement
$ e % of accelerated ions and Y, (see Fig. 3 for the results with
<

FDE applications and Section 1V) [4].

N

II1. MeTHOD OF DERIVATION OF THE CONFINED-ION
SPECTRUM FROM THE NEUTRON SPECTRUM

OO
‘l‘ ‘l'z
"o"‘.d

, .2 !}\%\l !
(] 1.0 L]
DEUTERON ENERGY iMeV|
Fig. 2. D" energy spectrum dé /3 £ versus £ forejected D" (A, ¥. A,
@) and for trapped D* (). =, @ from time resolved data. Data from
the skin thickness of ion-induced blisters in metais ( =D -range in the
metal) covers the range ~ 10 keV to 0.8 MeV. Thomson spectrometer
data (from the parabolic pattern of etched ion tracks recorded on CR-39
plastic targets) cover the range 70 keV < £ 5 1| MeV. The other two
methods cover the range 0.3 MeV s E < 8 MeV. D* spectra from
different methods have been normalized (o have a minimum-square dif-
ference in a chosen £ intervai. The spectrum from Frascati PF neutron

data (trapped D *) is reported for reference. The amplitude factor is nor-
malized to fit SIT ¥, (10” neutron /shot).

N.(E)/N;(A) (with obvious definitions N; {A)=

-

N(C) + N(E) = S dw SE dEd*¢,/dEdw
47 0

where ¢, = ¢ + ¢, refers to the accelerated ions. ¢ to
the ejected ions (¢, to the 0° ion beam) and ¢, to the
accelerated confined and/or trapped ions; here. unless
otherwise stated, we take ¢, = ¢, = ¢' as the quantity of
accelerated ions with energy above a convenient low-en-
ergy limit E, = 50 keV, say), we consider that a) the
spectrum of the trapped/confined ion is the same as that
of the ejected ions at 0°, but for an E-independent ampli-
tude factor; and b) an isotropic distribution of ion streams,
all with the same spectrum d¢./dE = 4x xd*¢, /dEdw.
exists in the region of ion confinement, independently of
the type of existing dynamic and thermal conditions in the
confinement region ( not necessarily close to equilibrium
conditions ). We can then calculate a neutron yield Y, , by
using a) and b) (i.e.. the ejected ion spectrum at 0° of

'"This assumption of proporuonality 1s comsistent with the data of Fig.
1(by only in discharges with ¥, not larger than 2 Y, .

The spectrum of the trapped D* ions is obtained from

i the D-D neutron energy spectrum dY,/dE,. dY,/dE, is
. determined from the neutron TOF on a distance L = 1486
cm (different values of L and a telescopic normalization
of the data have been used [5]) under the assumptions of
isotropy of the neutron emission, and no spectrum change
from shot to shot; i.e., shots with a different yield Y, have

' the same spectrum except for an amplitude factor which
is not dependent on the neutron energy E,. The observed
gquantity of neutrons A1,AE,d*Y,/didE, = 18-26 with
energy between °E, = m,L*/2(t, — 1,)° and °E, + AE,

* which generates the leading edge—of duration 7,—of the
i neutron signal in one shot~ determines d ¢ /dE via

(d*Y,/ddE,) At,AE,

Atn EtStn~r1)
1/2
=9(2/m) "n S'=0 dr S

- §(E, 0°) (d¢/dE) E' “dE. (1

A, = 10-30 ns is the duration of the neutron emission
from hot spots—within the pinch—with density n,.

The parameter + = Ar + 67 that specifies the limits of
integration on the right-hand side of (1) is the sum of the
delay At in the time of emission of neutrons (from the
time 7, of onset of the neutron emission ) and of the delay
47 in the neutron time of impact on the detector ( from the
time ¢, — 7, of onset of the neutron signal. after correction
for the delay of photomultiplier scintillator system: 0 =
Ar = At,, 0 = 67 = 7,). In terms of the neutron energy
E,wehaver = L((’E,,2/m,,)"": -(E,2/m)"! *). and.
by resolving for E, at the first orderin 7 /(r, — t;) we get
E, (1), ie. E, = "E,(1 + 2r/(t; — o). ’E, + AE, =

En

“The **leading edge’* of the neutron signal from the scintillator detector
means here the part of the signal between D-D neutron-signal onset and
the point at which the signal amplitude reaches a convemently chosen value.
specifically 1-V on the signal display system (Tektronix 7704). 1. 1y the
time at which the signal amplitude has reached this value: m, 1s the neutron
MASS. NCUITON eMIsKION onsct at 4, = ofset ume of hard X-rav emission.
santillation detector / photomultiplier svstems are used 10 the saturation
mode: typically "E, = 3.5-4.5 trom the data of Fig. lwa)




E, < 'E,. The energy spread A E, of the neutrons which
contribute to the signal from signal onset 1, — 7, to satu-
ration time ¢,(7, = 10 ns) depends on Ay, via AE, =
2'E, (At, + 1.)/(t, — t3) at the first order in (Ar, +
7.}/ (1, = 1,). 9(E. 0°) is a mean value (on the neutron
emission cone 8§ = 0° + A# where °E, + AE, = E, =
‘E, are satisfied) of the cross section of the D-D fusion
reactions with neutron emission close to the direction (6
= 0°) of the accelerated D* impinging on the D* target.
The ion energy E(¢) and the interval of integration AE =
E(Ar, + 1.) — E(1) correlate with E,. AE, via [14]

E,(E.8) = 0.125E{[2(1 + 9.798/E)
+ cos0['* + cos 6}2

from which AE = 0.9AE,(forE, = 3.5 MeV and 8 =
0°, where E, has maximum value). r( =A¢t, ~ 7,) is the
D™ confinement time within the hot spots where a multi-
plicity of streams (D* microbeams which reflect the
filamentary structure of the pinch on a micrometer space
scale) are accelerated in all directions d ¢ /dE can be con-
sidered independent on time between ¢, and ¢y, + 7 and the
product G(E, 0°) (do/dE ) E'/*is only weakly depen-
dent on £ so that it can be brought out of the integration
because of the small value of AE(~100 keV) in each
shot. # accounts for efficiency of the scintillation detec-
tors, detector-geometry, neutron absorption, etc. (detec-
tor efficiency and calibration are the same as reported in
[5D).
These approximations simplify (1) into

(d*Y,/didE,) At,AE,
= n(2/m;)'*n,3(E. 0°) d6/dE E'/*

Al
. S odt(E(At,, +7.) = E(1)). (2)
By substituting E(At, + 7,) — E(r) with0.9(C°E, + AE,
— E,), dt from dr = L(m,/2)""* dE,/2°E}/* and the
limits of integration (the upper limit with E,(t = Ar,).
the lower limit with °E, ) we get, after carrying out the E,
integration:

(d*Y,/dwdE,) At,AE,
= n(2/m)"’n3(E. 0°) do /dE
CE'09 L7 (2/m,) "V EV (A1 + 21.41).

From this cxpression we obtain d¢ /dE by entering the
expenmentally determined values of ‘E,, At,, 7,, and
At,AE,d*Y,/ddE,.

IV. FieLD DisTORTION ELEMENTS AND Y,

The values of Y, observed in different series of dis-
charges with FDE (a circular KE) and without FDE under
the same conditions ( V,,. W, and filling pressure ) are re-
ported in Fig. 3.

The variations of the pinch structure which correspond
to the current-density increase in the current sheath (as it
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Fig. 3. A field distortion element (circular KE) sharpens the interelectrode
current distribution by concentrating it in Z two sheaths. Percentage n
of shots with a neutron yield between Y,and ¥, + AY,(AY, =5 x 107)
versus Y, without knife edge (in (a)). with KE of length 7.5 mm in con-
tact with the surface of the insulator (pyrex sleeve) at the breech of the
PF (in (b)) and at a distance A from the insulator surface (in (¢)). Note
the elimination of misfirings (i.e.. of shots with ¥, < 5.10" ) if a suitable
spacing A between KE and insulator is used as reported in Fig. 4.

is assessed by magnetic probes in the interelectrode gap)
from the early stage of the discharge have also been ob-
served by simultaneously taken pinhole images of the
pinch, from particle emission and X-ray emission in the
same shot and at the same angle. with a sandwich of
X-ray film (on the back side). and of a ~ 200-um-thick
CR-39 plate (on the front side) {1]. [2]. These images
show that a tapered part of the pinch appears on the image
side far from the electrodes more frequently (in ~ 70 per-
cent of the shots) in discharges with FDE than in those
without FDE. In the latter case the tapered part ( ~ | mm
diameter) of the image is absent in ~ 80 percent of the
discharges and only the diffuse part (with a diameter of
24 mm) is observed [1]. [13]. These data and the data
reported in Fig. 1(b) indicate a better confinement of the
ions in a smaller region of space up to the time of the
pinch explosion if we use a KE as compared to discharges
without FDE. The maximum value ot Y, and of the mean
value Y, of Y, over series of ~ 10° discharges increase by
a factor 23 if suitable FDE's are used.

The vanations of Y, from shot to shot (with or without
FDE) are linked to relatively small variations of the main
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Fig. 4. Cross section of PF electrodes (OE. IE). pyrex insulator sleeve
(IS), power-transmission plates (P,. Pc. breech side). and fieid-distor-
tion element (KE). with consistent scaling (the external radius of the
inner electrode (IE) anode is r, = 36 mm). Magnetic probes (MP1, MP2)
have a 2-mm-diameter loop with center at a radial distance r = ry + |
cm and r = r,. respectively (the coated wire with electrostatic shielding
is sealed in a 3-mm dizmeter pyrex pipe and connected to a 50-{2 coaxial
cable (CC) with solid copper shielding: (D, = Sor2.5cm. D, = 1 cm).
The angular distance tazimuthal coordinate) of MP1 from MP2 is 90°.
The same details of the current sheath structure (on a ~ 10-ns time scaie)
appear in each shot in both MP) and MP2 signals. This confirms a good
azimuthal symmetry in the current density j, in agreement with data from
current sheath luminosity [17). A Rogowski coil between P, and P,
monitors the vanations with time of the electrode current /. Arrangement
of three pinhole cameras and CR-39 ion targets ( T) is shown (pinhole
diameter & = 150 um. and MP not in scale). The distance between 7 and

the ion source (xx) is =15 cm.

(leading) current sheath in the plasma. We have used two
magnetic probes (MP1, MP2) for determining in each shot
(Vo = 15 kV., p = 3-6 ton) the local rate of increase
@B, /3t of the azimuthal magnetic field By. i.e.. the radial
current density j, = dB,/udt (u is the velocity of the
current sheath at the probe location) at two different lo-
cations in the interelectrode gap (Fig. 4). With an FDE
as in Fig. 4—a circular KE near the surface of the insu-
lator sleeve (IS) which has provided so far the best result
(15] in terms of Y,—we find in all shots that j, in the re-
gion between the two probes is lumped in a single current
sheath (with an internal structure) of thickness ~ 1 ¢cm up
to the first sharp drop of the electrode current / during
sheat!:-inductance surge and pinch disingration. The main
current sheath profile presents clear but modest vanations
of lumpiness from high-Y, to low-Y, shots. We can divide
the shots of one experimental run with the mean value
Y, in differeni groups depending on Y,. The group with
Y, in the interval (2 + 0.5) - Y, has the main 9B, /dr
peak in the MP! and MP2 signals, higher by 20 ( £10)
percent than—and with FWHM equal within error limits
to—the corresponding quantities of the group with Y, in
the interval (0.2 + 0.1) - 7, (at 3 and 6 torr).

The average velocity @ = D /¢, (1, » = time spacing
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between the dB,;/d+ peak from MP1 in the MP2 signal
peak: D = MP1 to MP2 distance) has essentially the same
value as the mean value of u on the same distance D trom
a point-by-point determination of u by optical means [16]
in the same PF machine without FDE. This justifies. in
assessing J,. the use of typical values u = 4( +£0.2) cm/us
for MP1 (D, = 2.5cm) and u = 10( £0.5) cm/ us for
MP2 at 6 torr consistently with previous measurements
{16]. Local distortions of 3 B,/dr from the interaction of
MP with the sweeping current sheath [17] can hardly af-
fect the main features of the j, profiie.

V. CONCLUSIONS

A relatively small fraction ( ~ 1-2 percent) of the ac-
celerated ions with energy £ = 300 keV is ejected in the
0° beam. The bulk of the accelerated ions in confined in
localized regions within the pinch. Field distortion ele-
ments in the interelectrode gap can be successfully used
for increasing the quality of the current sheath (as it is
expressed by the peak values of the current density). the
ion confinement. and the neutron vield as an alternative
method to the use of plasma-focus operation at high volt-
age (e.g2.. =40 kV). The electric field increase produced
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by field distortion elements can be at least as effective as
the high-voitage operation [18]}.
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Stimulated Acceleration and Confinement of
Deuterons in Focused Discharges—Part II

V. NARDI, L. BILBAO, J. S. BRZOSKO, C. POWELL. D. ZENG, A. BORTOLOTTI, F. MEZZETTI.
AND B. V. ROBOUCH

Abstract—New methods of increasing, by a factor greater than S, the
neutron yield/sheot Y, from D-D fusion reactions in a plasma focus (PF)
enhance both the D” -ion acceleration to energy values £, > 1-8 MeV
and the ion confinement in the pinch region. Nuciear activation of C
and N in the (doped) filling gas of the discharge chamber and of solid
targets of C and BN bombarded by the ion beam in the direction of the
electrode axis (0°) confirms earlier determination of the energy spec-
trum of the trapped ions (do,/dE « ¢,E~") and of the ejected beam
(dPy/dE x @077 . m = 2.5 £ 0.5 for 0.1 MeV s £, s 3 MeV). A
Thomsen (parabola) spectrometer with nanosecond time resolution de-
termines the time of emission 1( E ) of the beam at 0°. lon acceleration
and trapping occur within the small (filamentary) elements of the mag-
netic fine structure of the pinch, which can be dispersed on a relatively
large confinement volume after the pinch disintegration. We find that
é./¢, 5 10-10° for £, = 1 MeV, depending on Y,.

I. INTRODUCTION

NDUCTIVE-FIELD acceleration of ions from the rapid

decay of the pinch magnetic field and ion trapping in
neighboring high-field regions are enchanced by suitable
field-distortion elements (FDE’s) inserted in the plasma
focus (PF) interelectrode gap (Mather geometry: capaci-
tor bank energy W ~ 6-80 kJ at 16-60 kV ) [1]. The FDE
concentrates the interelectrode current on a thin current
sheath (CS), starting from the onset of the discharge at
the breech, and effectively eliminates diffuse distributions
of current behind a high-density CS. Another advantage
of using an FDE is the virtual elimination of bad shots,
i.e., of the shots with Y, < Y,/20 (7, is the mean value
of Y, over thousands of shots in the same condition). The
reiatively small fluctuations of ¥, from shot to shot with
an FDE reflect more the randomness of the processes in-
volved in the pinch disintegration and fine-structure decay
than the dispersion of a sizable fraction of the current in
a diffuse low-density flow behind the pinching CS. The
pinch is formed by a muitiplicity of filaments of diameter
~0.5 mm which have been observed in our laboratory
(and extensively reported in the literature) by image con-

", R REE . O --’,-f‘v:.

verter photographs [2], and by schlieren and shadowgraph
methods [3], i.e., the same techniques used for the ob-
servations of the filamentary structure of the CS at an:
earlier stage of the discharge. The existence of a fine
structure of the plasma-current filaments on an even
smaller space scale ( <0.1 mm) is detectable with other
high-resolution methods [4].

One of the mechanisms of particle acceleration in the
PF pinch is unambiguously linked to the filameats with
the smallest diameter by our ‘observations on filtered im-
ages of the pinch from the pinch-parucie emission. Pin-
hole cameras (at 45°, 90°, etc.) with a 150-um-diameter
pinhole form the sharp-profile image of the pinch on a
CR-39 plate on which a nonuniform distribution of ion
tracks is etched. A grid filter shows that hot spots of ions
with E; = 2 MeV inside the pinch image have a diameter
& ~ 100 um, i.e., smaller than the pinhole diameter. This
implies a multiplicity of sources of highly collimated
beams with transversal linear dimensions =100 um.
embedded in more diffuse sources of lower energy ions
[5].

Ion ‘‘confinement”’ (in an =~ 2-cm-diameter region
which includes the pinch and is determined by the large-
scale magnetic field) and ion ‘‘trapping’’ (inside the fine-
structure filaments of the pinch and in the pinch frag-
ments, after pinch disintegration) are used here with a
somewhat different meaning. as specified in [6]. A quan-
titative assessment of inductive-field acceleration of ions
| from the rapid decay of the pinch magnetic fieid and ion
{ trapping in neighboring high-field regions was carried out
in [6] from the following: a) the determination of the con-
fined ion spectrum via the observation of the neutron
spectrum for neutron energy values £, = 3-5 MeV: by
the ejected ion spectrum (via magnetic analyzers. spec-
trometers, differential filters, and Faraday collectors) on
a fraction (E; < 3 MeV) of the total energy interval 0.1
keV = E; = 8 MeV on which the spectrum was deter-
mined [7]; and c) filtered imaging of the pinch by particie
emission in different directions. The limitations on £, im-
posed in [6] by the low emission intensity of neutrons with
energy above E, = 5 MeV is bypassed here by using nu-
clear activation of gaseous and solid targets.

II. NucLEar AcTivaTioN oF C, N, anD B

The filling gas (D,) of the discharge chamber was
doped with CH, or with N, up to an atomic fraction n =

-
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Fig. 1. B” activity 4 versus 7 (time of activity observation) from shot #1273

(upper line, ¥, = [.2 - 10°) with soiid BN target and pure D, filling,
and from shot #1339 (lower line. Y, = 6.8 - 10®) with BN target and
N, doping ( 7 percent by pressure 7 = 0.07) of D, filling at a total pres-
sure p = 6.5 torr (W, = 7 kJ at 17 kV). The reported values of A lack
the necessary normalization for different geometric factors invoived in
the activity measurements on the gas (volume) and on the solid target.
The data points ® and A refer to the activity of the solid target. the
symbol A refers to the gas (volumerric) activity. The beam-induced ac-
tivity from '°B(d. n)"'C(8") is reported for both shots. In the upper
right comer, the activity of '>O from gas and solid target of shot #1339
(lower line) and solid target of shot #1273 ( x (0) are reported with an
éxpanded time axis. Refilling the discharge chamber after each shot ( max
Y, =27-10°. Y, = 6 - 10° with doping: max ¥, = 3.8 - 10°. ¥V =
1.1 - 10° with pure D, ). Period of PF circuit 9.5 us, discharge chamber
@, diameter 15.3 cm. length & = 30 cm: center electrode ¢, diameter 3.4
cm. h = 13.8 cm: insulator ¢, diameter 4.5 ¢cm, A = 5.2 cm: outer
clectrode @, diameter 9.9 cm. & = 11.8 cm: distance Geiger counter
window/exposed target surface 3 cm. C,\Dy, instead of CH,. was used
in many series of shots for gas C target activation. with the same results.
The error bar is the statistical error.

2-7 percent of C or N. The volumetric activity from
"2C(d, n)’N(B8™) or from “N(d. n'*O(8*) was mea-
sured after each shot with an extemal Geiger counter
through a 3-cm-diameter window sealed with a 50-um-
thick capton foil. In the same shot. a solid target ( 3-cm-
diameter) of C or of boron nitrate (BN) with ~ 20 percent
of '°B was located, at 0°, at a distance of 18 cm from the
end of the PF center electrode (anode). The 8™ -activity
from the solid target was measured for each shot by al-
ternatively exposing to the Geiger view the bombarded
side of the solid target and the discharge chamber with the
activated gas. The results are presented in Figs. | and 2.
In our estimate. the D* spectrum amplitudes ¢y,. ¢, can
be considered as not dependent on E, for £, = 0.05 MeV
in agreement with [6]-{9] and. because of the sharp lo-
calization in time and space of the neutron source in our
experiments [10], we take ¢, = (¢,) = ¢ onr. Where (@)
means an average on volume and duration 7, ( = confine-
ment time 1) of the neutron source. The simultaneous use
of gaseous and solid targets in the same shot characterizes
the difference of method and objective (specifically. the
estimate of ¢,/¢,) of this work from those of an carlier
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JOROO Ty

. 6
50 O-“Cd.n) N 3" 110
ol O-"N(d.n)"0 3" ]
D? 5 '105 a
= 5! O (? ] <
- -3
T 107 6 o ¢ 4%
‘= St a o T ‘&
2 o -
104 0 .
0.5 1
Y, (10%)

Fig. 2. Ratio of the quantity R_,,, of radionuclei ('*N, 3~ 1.3 MeV or '*0.
B8 1.72 MeV) generated in the gas by confined D~ ions and of the
quantity R, of radionuclei of the same species generated in the soiid tar-
get by the D* beam at 0°, as a fuaction of ¥, in the same shot. R =
A4/e\Q. where ¢ = 0.8 accounts for the efficiency of the Geiger counter:
A (Ty;2 = half-lifetime) is the decay constant of the radionuciei: the
fraction Q of detected 8* is controiled by detector/activity source ge-
ometry (2 = 3.2 x 107" for the gas-voiume-activity. @ = 0.118 for the
solid target). The corresponding values of o i/ @, = YR onr/ 7R, are
indicated on the left vertical axis for a thin-plasma target. v = 0.2 1isa
conversion factor that weakly depends on the D~ confinement time 7 (nr
= 3 - 10", with n = 10" cm ™’ from pinch density and r = 7,. 7, =
30 ns is the shortest duration of the PF neutron pulse with scintillation
detector at 10 cm from the source ).-on 7. the D ~-energy relaxion time
in the pinched plasma and on the D™ spectra (for a thin-plasma target +
=5/G. S = § Y(EYE"™a(E)dE. G = n,Ax { E™"a(C + d)dF: the
limits of integration are 0.3-10 MeV: Y(E; is a thick-target reaction
yield (defined as in {1 []), a( £) is the 3~ absorbtion of the solid targer.
a(C + d) is the cross section for reaction induced by D in '°C target.

pioneering work [9] on the nuclear activation of solid tar-
gets for determining energy and angular distribution of
the PF D" emission. Two different lines of thought, based
ona)r ~ 7 (0.1 < 74 /7 < 5. 7 = D™ 2nergy e

laxation in the pinched plasma )—typical of a thick plasma
target—or b) 7 << T, —typical of a thin plasma target—
can be followed in estimating ¢, /@, from R .o/ R,. with
m=25,9 = 0.2 fora)and vy = 20 for b). as in Fig. 2.
A good agreement between @g .onc( R)—from nuclear ac-
tivation data—and ¢g_con( ¥y )—from Y, (see [6])—is ob-
tained with b) and a particle density n = 10°' em™ with
a 7( = 0.3 ns) fitting a thin-plasma target. Alternatively.
with the thick-plasma target we find ©y con( ¥y) = 107 -
@ cons( R). This provides a good reason for preferring b)
over a). We can easily reconcile b) with a r, >> 7 if the
bulk of the neutron source is conceived as a collection of
a larger number of very small (thin. dense) sources (each
with typical linear dimensions Ax = 100 um) in the pinch
region ( appropriately in this case. 7 should be considered
as a transit ime through Ax).

[1I. OTHER MEASUREMENTS AND CONCLUSIONS

The FDE effect on Y, (and by inference. on B, C. N
nuclear reactions) is shown in Fig. 3. for shots at 3 torr.
At this pressure, Y, increases by a factor of 2. at 6 torr.
by a factor > 3. as compared with shots without FDE (6]
(the increase of Y, is >5 if we also enter in the estimate
of Y, the shots with a very low Y,.1.¢..3Y, < Y, < 5 x
107, which are frequently observed without FDE: Y, is
the background count). The relative variation in the cur-
rent distribution is correspondently small [6]. of the order
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Fig. 4. Typical schlieren image of the imploding current sheath at the time
fo = 90 ( £10) ns at which the CS sweeps a magnetic probe (MP2 of
16]) located 1 cm off the front end of the center electrode/anode (the fat
profile at the left is the anode front end): (a) shot without FDE (Y, =
Y,). (b) shot with FDE (a circular knife edge at the “*breech.”” as in (6.
Fig. 4]. ¥, = Y,). The current filaments (fine structure) of the CS [2].
(3] have a diameter ( 0.5 mm), somewhat greater in (a) than in (b). RS ¢
This is the cause of the wiggled pattern (nght side of the image in (a)) ;.-:5:;"‘
in the current sheath. W )
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of 10 percent, but evidently has a critical role. as we can 100 ns) from magnetic probes and schlieren with a ,x:;.:.'\“
assess from Y, and from the variation of the pinhole image nanosecond (UV N.) laser pulse is. within the error bar. DN
of the pinch via particle emission on CR-39 targets (image  the same with or without FDE (see Fig. 4): at 6 torr. how- o .
morphology and energy spectrum of the image-forming ever. fluctuations wider by a factor = 2 are observed with- Iy '@g:.‘
ions (5]). out FDE. Thomson spectrometers with nanosecond time ::¢
The current-sheath thickness at r = ¢, — Ar (At = 50~ resolution (see {1] and Fig. 5) show that D~ with £, = E .|!."
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Uy *250s Fig. §. Patteras of etched 1on tracks on CR-39 targets ot a compact Thom-
son (parabola) spectrometer: each target 1s exposed 1 2 singis shot s
A penodic electne tield £ tpenod T, = 17 ns, 1.3 RV 148 upptied to ihe
pole preces of diameter 2.5 ¢m with 8 = 8 kG and spacing @ = 4 S mm
between poles. Note that three distinct beam components produce tne
pattern in (a). The time shift between two components is dotermined
except fur multiples of 7, The continuous vartations ot 4 penoadie Eare
convenient for determiming the vanauon of £12) ol cach component of
the beam. at the bewm source. 4s 4 function of refative me Ume ag:
T,. from the ume of emisston ot D with. ¢c.g.. £ = "0 kel The metnog
and the result were reported 1in [1]. D™ with £ = 1 MeV arc crected
about 100 ns later than 70 keV D' 1 7, = 100 nvvas reported in b 100
Pattern (segmented parabolas) obtained with a stepped (rampeds £ o=
E. + E (1) on the pole preces. £, = AV £ 1 g 10 = [ RV Je-
creases after 7. 1 g 3-nsanterval, at each step of 23 percent ot the value
tn the previous step « spacing between steps s 25 nsy The fett-hand wiae
ot 1) (shot #531) has 2 two-component beam impucting af the same time
rolor E,0o= 178 keV, £, = 180 keV o differcnce in time ol 2thissen
AT, = 10nshandatr =~ 28 nstor £, . < {00 KeV o =0 = iT0n
f, = umec ot Jl Jt peak in the electrode current stgnai /0
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E o = 200 keV are ejected at 0° atr = 1, ( = time of peak
of the electrode-current signal id//dr|) and earlier if £,
< Egqorlater it E, > E,. A thin, rather than a thick.
plasma target fits both R and Y, groups of data well.

REFERENCES

[1] V. Nardi et /.. "*Continement of MeV ions in a dease piach.”’ in
Proc. 13th Evropean Conf. Controlled Fusion and Plasma. vol. 10-
C-1 (Schliersee). 1986, p. 368.

[2] W. H. Bostick, L. Grunberger. and W. Prior."" Vorticity and neu-
trons in the plasma tocus. ™ in Proc. Sth Svmp. Thermophysicul Prop-
erties, 1970, p. 495.

[3] W. H. Bostick. V. Nardi. and W. Prior. in Dvnamics of lonized Gases.

M. J. Lighthilt er al.. Eds.  Tokyo. Jupan: Tokyo Univ. Press, 1971,

p. 375.

V. Nardi. W. H. Bostick. J. Fcugeas, and W. Prior. “*Intcmal struc-

ture of efectron-beam filaments.” Phyvs. Rev.. vol. 22A. p. 2211,

1980.

Proc. 2nd Conf. Energv Storage. Compression and Swirching. vol.

2. New York: Plenum. 1978, p. 449,

{51 V. Nardi. C. M. Luo. and C. Powell. "*lon clusters from focused MA
discharges. " 1n Proc. 6th Conf. High-Power Particle Beums (Kobe.

[4

16]

{7

18

191

{10}

(j

Japanr. 1986, p. 447

Proc. #th Conf. Mevacauss Magnetic Field Generarers 1Sante £
NM). 1986, p. 269

V. Nardi et af.. “*Sumulated acceleraton and confinement ot deuter
ons 1n focused discharges, Part 1" JEEE Trans. Plusma Sci. tus
issue. pp. 00U-000.

V. Nardi and C. Poweil. "*The plasma focus as a svurce ol vothimates
beams of negative ion clusters and of neutral deuterium atoms. ™" 4mer
Inst. Phys. Proc.. vol. 111, p. 463, 1983,

R. L. Gullickson, W. L. Pickies. D. F. Price. H. L. Sahimn. and T
E. Wainwright, *'lon beam in the plasma focus device. " in Proc. 2nd
Conf. Energy Storage, Compression and Switching. vol. 2. New
York: Plenum, 1978.p. 579.

R. L. Gullickson and H. L. Sahlin. **Meusurements of high energy
deutcrons in the plasma focus device.'” 7. Appl. Phys.. vol. 49 p
109, 1978.

W. H. Bostick. V. Nardi. and W. Prior. “"Space-time structure 2t

neutron and X-ray sources 1n 4 plasma focus. " Nucl. Fusion Suppi..
vol. 3. p. 497, 1977; see also. Proc. 2nd Cunf. Enercy Storuawe.
Compression and Swirctung, vol. 2. New York: Pleanum. 1973, p
267.

J. S. Brzosko. H. Conrads. J. P. Rager. B. V. Robouch. and K. Stein-
metz. “‘Investigation of high-cncrgy Jdeuterons in a dense plasma fo-
cus device by means of neutrons emitted n the Li =D process.
Nucl. Techn./Fusion, vol. 5. p. 209. 1984,

S
e ..;'
I~ j
LR

e
.
' '2'}

-/ :
o
' ll.'

e
Uy MLV
1‘7.»;“1

i

‘4

IR
R
R
."-,.- %“
DA

LY,
Bt
RN
) .

oY
\ l‘ A
RN

A
\. 3

.‘..
P
-



