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Design and Characterization of a Coaxial Plasma Railgun for Jet

Collision Experiments

Mathew R. Coleman

(ABSTRACT)

Plasma railguns are electromagnetic accelerators used to produce controlled high velocity
plasma jets. This thesis discusses the design and characterization of a small coaxial plasma
railgun intended to accelerate argon-helium plasma jets. The railgun will be used for the
study of plasma shocks in jet collisions. The railgun is mounted on a KF-40 vacuum port
and operated using a 90 kA, 11 kV LC pulse forming network. Existing knowledge of coaxial
railgun plasma instabilities and material interactions at vacuum and plasma interfaces are
applied to the design. The design of individual gun components is detailed. Jet velocity and
density are characterized by analyzing diagnostic data collected from a Rogowski coil, inter-
ferometer, and photodiode. Peak line-integrated electron number densities of approximately
8 10% cm 2 and jet velocities of tens of km/s are inferred from the data recorded from ten

experimental pulses.



Design and Characterization of a Coaxial Plasma Railgun for Jet

Collision Experiments

Mathew R. Coleman

(GENERAL AUDIENCE ABSTRACT)

Plasma is a gaseous state of matter which is electrically conductive and interacts with electric
and magnetic fields. Plasmas are used in many everyday objects such as fluorescent lights,
but some of the physics of plasmas are still not entirely understood. One set of plasma
interactions that have not been fully explored are those which occur during high-velocity
collisions between plasmas. Experiments aimed to further the understanding of these inter-
actions require the generation of plasmas with specified properties at very high velocities.
A device known as a plasma railgun can be used to produce plasmas which meet these exper-
imental demands. In a plasma railgun, a short pulse of current is passed through a plasma
located between two parallel electrodes, or “rails”. This current generates a magnetic field
which propels the plasma forward. The plasma is accelerated until it leaves the muzzle of
the railgun. In coaxial plasma railguns, the electrodes are concentric.

This paper discusses the design and testing of a small, relatively low power coaxial plasma
railgun. Specific elements of the design are examined and the inherent physical and material
difficulties of a coaxial design are explored. The experiment which was performed to confirm
the properties of the plasma jets produced by the coaxial plasma railgun is explained. The
results of this experiment confirm that the design succeeds in producing plasmas which meet

targets for plasma properties.
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kXk h?2Q'v M/ QT2 iBQM

kXkXR J b? HH@ivT2 ;mMb

h?2 KQbi # bB+ p2'bBQM Q7 J 'b? HH@ivT2 +Q tB H TH bK ;mM
2H2+i°Q/2bX : b Bb BMD2+i2/ #2ir22M i?2 2H2+i°Q/2b BMiQ QM2 2 M,
i?72#°22+?2X TQi2MiB H/B772 2M+2Bb TTHB2/ #2ir22Mi?2irQ 2H2
Q7i?2: bQ++m b- M/bQK2Q7i?2; bBb BQMBx2/BMiQ TH bK X |
i72 TH bK 7°QK QM2 2H2+i'Q/2iQ i?2 Qi?2 - K ;M2iB+ 7B2H/ Bb B
h?2 GQ 2Mix 7Q +2 i?2M + mb2b i?2 "+ iQ ++2H2 i2 /QrM i?2 #
TH bK 2tBib i?2 ;mM- i?2 +B +mBi Bb # QF2M- i?2 BM/m+2/ K ;M2il
TH bK +QMiBMm2b KQpBM; i BiIRRKBM H 2tBi p2HQ +Biv(

h? " Qm;?2Qmi i?72 2 "Hv RNeyb- "2b2 "+?22°'b mb2/ +Q tB H TH bK ;m
p BQmb +QMi BMK2Mi b+?2K2bX h?2 TQbbB#BHBIB2b Q7 7TmbBQWM
2MiBbib ? / MQi v2i /IBb+Qp2 2/ r?B+? /2pB+2b rQmH/ #2 2772+iBp:
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6B;m 2 kXR, a+?2K iB+ Q7i?2 QT2 iBQM Q7 +Q tB H:mMX h?2 /B
b tB HHv bvKR®X B+ (

iQ BMD2+i TH bK MMMk ;#M2b B b (KBE- QBIMRE2bNI/ b?Q + FR Xt 2Ib (

i?72vr2 2 mbBM; +Q tB H;mMb 7Q i?2B" 2tT2 BK2Mib- b+B2MiBbib
i2° mM/2 bi M/BM; Q7 i?2 7mM/ K2Mi H T?vbB+b Q7 i?2B"° QT2  iBQ
6bHmM;6 KQ/2H-r?B+? bbmK2bi? i HHBQMBx2/; b- M/ QMHv BQME
‘mMX h?Bb bBKTHBbiB+ TT'Q +?2r b MQii'm27Q i?2+Q tB H ;mM-
7TQHHQrBM; i?2 7B bi rQmH/ 2D2+i KQ'2 TH bK 2p2M r?2M M2r ; b
# 22RNK Air b +H2 " i? i M2ri?2Q 2iB+ H TT Q +?2r b M2+2bb "v’
| Ti2/ i?72 bQ@+ HH2/ 6bMQrTHQr6 KQ/2H 7Q° mb2 BM +Q tB H ;m)
T'QTQb2/ 7Q° mb2 BM TBM+?22b #v JX XX _ QDR M2 H @ K2 BM RB\TE0H i E
?2 p2 #22M T QRQiP2/(2M2° H7Q K Q7 i?2 KQ/2H ? b bi v2/i?2 b K2 b

6Q° M mMMK :M2iBx2/ +Q tB H ;mM- i?2 bMQrTHQr KQ/2H bbmK2b i
+m  2Mi T°QT ; i2b b M MMmH " b?22i 77QK QM2 2H2+i'Q/2iQ i?2
MTOM2mi~> H; b bBii p2Hb/QrMi?2H2M;i? Q7i?2 ;mMX h?mb- K bl
iQ i?2 p2HQ+BivQ7i?2b?22iX h?2 2 Bb bbmK2/iQ #2 MQ K ;M2iB+
b?22iX h?2 K ;M2iB+ 7Q +2 QM i?2 +m "2Mi b?22i + M #2 r Bii2M b
i?2°Qm;? i?72 b?22i M/ i?2 BM/m+i M+2 T2  mMBi H2M;i? Q7 i?72 b?22
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A7 i?2 pQHi ;2 M/ + T +Bi M+2 Q7 i?2 + T +BiQ  # MF mb2/iQ T Q/n
FMQrM-i?2M bvbi2K Q7 /B772 2MiB H 2[m iBQMb + M #2 r Bii2M i
i?2 bvbi2KX JQ/B7B2/ p2 'bBQMb Q7 i?2 bMQrTHQr KQ/2H HHQr 7Q
#2BM; br2Ti mT- br2HH b b@KRRRMX 2Mi HQbb (

b+Q tB HTH bK ;mMb #2+ K2 KQ 2 +QKKQM-i?2v #2; M#2BM; TTI
q?BH2 BMp2biB; iBM: Hi2 M iBp2 ++2H2  iBQM KQ/2b Q7 +Q tB H
BM/2T2M/2MiHv "2+°2 i2/ [/2Mb2 TH bK 7Q+mb bBKBH "~ iQ i? i+ 2
i?72 RN8yb /m " BM; aQpB2i riQ)X QWZBawW+H2bB;M r b p2°v bBKBH " iQ
+Q tB H;mM-#mi ?22 QT2 i2/Bi i Km+? ?B;?2 T 2bbm 2bX "2 F/Q
;mM- M/ i?2 +m” " 2Mi b?22i i p2Hb /QrM i?2 #Q 2 BM DbBKBH " r v
.B772 2M+2b #2;BM iQ Q++m"~ 7i2 i?2 b?22i T bb2b i?°'Qm;? i?2 2
TH bK b?22i +QMbi B+ib BMiQ iB;?i-/2Mb2 +vHBM/2  ii?2 2M/ Q7
TH bK 7Q+mb2b ? p2 #22M BMp2biB; i2/ 7Q° 7mbBQM TQr2  ;2M2"
T Q/m+ kBRI

kXkXk *?2M;@ivT2 ;mMb

SmM#HB+ iBQM QM +Q tB H ;mMb bHQr2/ BM i?2 KB/@RNeyb- #mi bQk
BMi2 2bi2/X . 2 um *?2M;- T 'Q72bbQ" ii?2 IMBp2 bBiv Q7 a Mi *
QM b2+QM/ 7mM+iBQM H KQ/2 Q7 +Q tB H :mMb, i?2 /27H ;" iBQM
i?Bb KQ/2 Q7 ++2H2 iBQMiQ ;2M2" i2 ?B;? 2M2 ;v- ?B;? /2MbBiv T
KQ/2- [27H ;" iBOQMr p2 KQp2bi?2 ' Qm:?i?2 TH bK QTTQbBi2 i?2

i72 T "iB+H2bX AMbi2 / Q7 T'27BHHBM; ?2Bb +Q tB H ;mM- *?2M; Tm
i?72 #Q°2X h?Bb Tm77 r b BQMBx2/ M/ i?2M ++2H2 BZ/IQQHMK?2 ;n
IbBM; i?Bb /2bB;M- *?2M; +?B2p2/ 2tBi p2HQ+BiB2br?B+?r2°2 Q" /2
'mMb QT2 iBM; BM i?2 bMX¢ TM?PQb X QB2? p2HQ+BiB2b ; p2 +Q tB H ;
b K2i?Q/ Q7 bT +2 T'QTmMHbOBQM- r?B+?2r b i?2 T'BK 'v7Q+mb Q7



3 +NZy T |Y #72«4l i é2

i2°Qm;?20mi i?RIJXNdyb (

kXj TTHB+ iBQMb

kXjXR aT?2 QK Fb M/ Qi?2  +QKT +iiQ QB/b

~2b2 "+? BMiQ K ;M2iBx2/ ;mMb TB+F2/ mT BM i?2 RN3ybX J ;M2iBx:
#2 mb2/iQ ;2M2 i2 bi #H2 +QKT +i TH bK iQ QB/b 7Q°  Mm+H2 * 7
irQ ivi2b Q7 +QKT +iiQ QB/ TH bK b, 7B2H/@ 2p2 b2/ +QM7B;m" i
aT?2 QK FiQ'QB/b ? p2 iQ ' QB/ HK ;M2iB+ 7B2H/- r?BH2 6_* iQ" Q
? p2 #22M Q7 T'BK v BMi2 '2bi rBi? "2; '/iQ +Q tB H ;mMbX hQ ;2M:
+Q tB H;mM- bQH2MQB/ H2H2+i"QK :M2i Bb ivTB+ HHvV TH +2/ rBi
Bb 2QHHQr BM i?Bb H vQmiX h?2 K ;M2iB+ 7B2H/ HBM2b r?B+? T b
7°QK i?Bb 2H2+i"QK ;M2i "2 TT QtBK i2Hv T2 'T2M/B+mH " iQ i?2/
i?2TH bK rBi?BMi?2 ;mMX Dbi?2TH bK T bb2bi? " Qm;?i?2 7B2H/-
HQM; rBi? BiX 1i?2 KmxxH2 Q7 i?72 ;mM-1i?2 7B2H//27Q Kb M/ i?2N\
iQ mb@b? T2/ K ;M2iB+ 7B2H/ iQ i?2 TH bK - r?B+? +QMi BMb BiX
bi #BHBiv M/ +QM7BM2K2Mi 7Q bB;MB7B+ Mi H2M;i?b Q7 iBK2- r?
BMD2+iBQM K2i?Q/b 7Q° 7TmkAkHXmbBQM 2 +iQ b

KXjXk wW@TBM+?2b

AM i?2 kRbi +2Mim'v- +Q tB H TH bK ;mMb ? p2 #22M mb2/iQ ;2M
TBM+?2bX IbBM; +Q tB H;mM-TH bK Bb ++2H2  i2/BM O6[m bB@!
"2;BQMX h?Bb[m bB@bi2 /v@bi i2Bb +?B2p2/#v TTHvVBM; p2 v H
; bX bHQM; bi?2+m "2Mi TmHb2/2+ vBbHQM;2 i? Mi?2iBK2Bili
KmxxH2 Q7i?2;mM- [m bB@bi2 /v 7)QX tbh MW222bR2HRBD?H/ BMbi #B
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bbQ+B i2/ rBi? W@TBM+?22b- /B772 2Mi TT Q +?22b ? p2 #22M i F2\
HX ? p2 mb2/ b?2 2/ 7HQr rBi?BM i?2 x@ TBRIX?hiTBB NKi2 P/@V+2 b ;
#22M D?QrM iQ #2 2772+iBp2 2tT2 ' BK2Mi HKv MBI 2HHD In +22Q bZirB H
T Q/m+2/ M2jj)iXQMB772 2Mi TT'Q +? BKTHQ/2b i?BM b?2HH Q7 M
QMiQ i?2 TBM+? iQ bmTT 2bb i?2 BMbi #BHBiB2bX AM i?2b2 /2bB;)
2M2° i2 0?2 X@TFBM+Q(BMD2+i i?22 pXHH TH bK (

kX9 AMbI #BHBIiIB2b

KX9XR _2bi'BF2

K DQ bQm +2 Q7 p2HQ+Biv HQbb2b BM TH bK ~ BH;mMb M/ TH |
QM/ 'v. "+BM;- HbQ FMQrM b "2bi BF2X gq?BH2 T 'BK "BHv 2t KBN
2772+i Bb HbQ T '2b2Mi BM +Q tB H ;mMbX _2bi'BF2 Q++m b r?22M "
MQi br2Ti mT #v i?2 BMBiB H+m "2Mi b?22i+ mb2 b2+QM/ "v 2H2+|
T'BK v "+X "2 F/IQrM +QKKQMHV Q++m’b ii?2 #°22+? /m2iQ ?B;
p2HQ+Biv- M/ ;2QK2i ' B+B "2;mH "BiB2b + mb2/ #v 2H2+i Q/2 2 Qb
T BK 'v +BM+ 2 b2i?2BQMBx iBQM Q7 i?2M2mi°  H; b M/ K F2 #°
M2r "+ 6H2 +?2b6 +m  "2Mi 7 QK i?2 T BK 'v "+-+ mbBM; /2+ 2 b2
+ b2b-mTiQ 8yW Q7 i?2 T'BK v jeyX+H AR/ BHEHBbH(+ m;?2i #2?BM/
T BK 'v "+ BM+°2 b2b i?2 K bb Q7 i?2 M2mi- H; b- M/ i?2 +m " 2Mi
Bb MQi bm77B+B2Mi iQ ++2H2 i2i?Bb K bbiQ p2HQ+Biv r?B+? +
+QK#BM2 rBi? BiX h?Bb + M #2 i?Qm;?i Q7 b pBb+Qmb/ ; bQm +
7Q K2/ #v b2p2° H/B772 2Mi T?vbB+ HT?2MQK2M - M/ i?2°2 Bb M
bi'BF2X _2bi " BF2 Bb 2ti 2K2Hv mM/2bB 2 #H2 #2+ mb2 Bi + mb2b i~
r?BH2 i?2b2+QM/ v "+/Q2b MQi 2 +?2i?2/2bB 2/ p2HQ+Biv 2Bi?2" .
?2 b#22M /QM2 7Q  TH bK K im'2 Q' HBM2 “TH bK * BH:mMb bi?
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BM +Q tB H TH bK :mMb 2/m+2 i?2 BM+B/2M+2 Q7 b2+QM/ ‘v +B
iQ "2/m+BM: "2bi'BF2 "2 iQ /2+°2 b2 /["BpBM: +m "2Mi M/ pQHi ;2
/2+°2 b2b i?2 #H iBQM i2 Q7 BMbmH iQ'b M/ 2H2+i'Q/2bX GQr@
#2 +?2Qb2M 7Q " iPBIB)(2) BYIM (

KX9Xk "HQr@#v

/B H/B772'2M+2b BM TH bK 2tBi p2HQ+Biv 7°QK +Q tB H ;mMb
RNe9B{ M/i?2B  B/2MiB7B+ iBQM rBi? TH bK BMbi #BHBIB2b r b 2t
#mi i'm2 mM/2 bi M/BM; Q7 i?2 +QMb2[m2M+2b rQmH/ MQi Q++m"
T 2bbm 2BM +Q tB H;mMp B2brBi?i?2BMp2 b2b[m "2Q7  /Bmb
Bb ?B;?2 +HQb2 iQi?2 +2Mi2 2H2+i Q/2- M/ TH bK T "iB+H2b HC
bi?2 BMbB/2 Q7 i?2 +m "2Mi b?22i #2;BMb iQ T bbi?2 QmibB/2- Bi
M/ +QKT 2bb i?2 "2bi Q7 i?2 b?22i ; BMbii?2 Qmi2  2H2+i'Q/2X h?
T iQ7i?2TH bK K bb ++2H2  iBM;iQ M 2ti'2K2Hv ?B;? p2HQ+Biv
i?72 TH bK -r?B+? Bb +QKT 2bb2/ ; BMbii?2 Qmi2 r HH M/ 2tBib K
KXBHHmMbi  i2b i?Bb T " Q+2bbX AM K Mv + b2b- Bi Bb /2bB" #H2 7Q"
bBKBH * p2HQ+BiB2b- M/ 7Q  i?BbiQ ? TT2M #HQr@#v Kmbi #2 pQC
M2 " i?72BMM2" 2H2+i Q/2b b2T "~ i2b 7' QK i?2r HH- +m "2Mi Kmbi 7
i?2°Qm;?i?2 2K BMBM; ii +?2/ TH bK X AM //BiBQM-i?Bb 2K BMBI
bFBM /> ; b Bi ++2H2 i2bX h?2b2 irQ +QK#BM2/ 7 +iQ b + mb2 M
BMM2  2H2+iQ/2X h?2 Qmi2 2H2+i'Q/2 HbQ bmbi BMb BM+" 2 b2,
TH bK Bb ?2 i2//m2iQ +QKT 2bbBQM r?BH2 Bi bHQrHv i® p2Hb /Qi
bT2Mi BMbB/2 i?2 ;:mM + mb2 BM+' 2 b2/ +QM/m+iBQM M/ /B iBQM
i?2mb BM+'2 b2/ K2HiBM: M/ #H iBQMX "HQr@#v Q++m b BM #Qi? K
; m Meg)@ 99 § X

b #HQr@#v Bb +QMb2[m2M+2 Q7 i?2 K ;M2iB+ T 2bbm 2 BMbB/2
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6B;m 2 kXk, AHHmMbi> iBQM Q7 i?2 2pQHmMIiBQM Q7 #HQr@#v BMbB/2
"2T°2b2Mi i?2 2H2+i°Q/2b- ;> v "2;BQMb i?2 #°22+? BMbmH iQ b- T
mMMb? /2/ "2:BQMb 2KTivbT +2X "HQr@#v /2p2HQThb "B;?ir /b BM i?

2MiB 2Hv Bb p2 v /B77B+mHiX hQ 7TmHHv pQB/i?2 QMb2i Q7 #HQr@
Q7i?2TH bK ;mMb?2QmH/ #2 bb?Q'i bTQbbB#H2X 6Q° +Q tB H ;m
i? MB8YyF -i?2 ++2H2 iBQM T2 BQ/b?QmH/#2 HBKBi2/iQ H2bb i?
BbMQi +?B2p #H2-/B772'2Mi TT ' Q +?22b+ M#2i F2ZMiQBM+'2 b2
2ti2M/ i?2 TQi2MiB H ++2H2  iBQM T2 'BQ/X h?2 QMb2i iBK2 + M #2
D2+iBQM /2MbBiv- +m "2Mi TmHb2 b? T2b-TH bK i2KT2 im 2- M/:
J 'b? HH@ivT2 +Q tB H ;mMb bm772" i?2 KQbi 7°QK #HQr@#vX "2+
/12+°2 b2b " /B HHv- K bb b?QmH/ #2 +QM+2Mi" i2/ M2 " i?2 +2Mi H
1/r2 BMBiB H " /B H/2MbBiv /Bbi'B#miBQM- #HQr@#v + M #2 iQi HH\
M/ T 2bbm™ 2 /Bbi'B#miBQMb rBHH + M+2H QmiX h?Bb /2MbBiv /Bbi"
i1?22Tm772/@; bK2i?Q/ Q7 *2-Mn@d BITRb&dtM(2K2HV /B77B+mHiiQ "2
/IBbi*B#miBQM mbBM; bi M/ '/ +Q tB H ;mM ;2QK2i'vX hBK2 iQ #HQ|
#v HQr2 BM; /' BpBM; +m "2MiX G2bb #HQr@#v Q++m b BM +Q tB H
2p2M B7 i?2B° 2H2+i Q/2b "2 2ti2M/2/ iQ HHQr i?2K iQ 2 +?i?2 b
+m "2Mi ;mMbX IM7Q imM i2Hv- HQM;2  ;mMb ? p2 T'Q#H2Kb rBi? &
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M BM?2 2Mi i /2@Q77 rBi? i?Bb TT Q +?X AM+'2 b2b BM TH bK
MMiBH #HQr@#v Q++m bX b /2pB+2b 2 Q7i2M /2bB;M2/iQ +?B2p:
?2Qr2p2°- i?Bb HBKBi iBQM K v bBKTHvV M22/ iQ #2 /2bB;M2/ "QmM
HBKBi2/ +QMi QH Qp2  i?2 i2KT2  im 2 Q7 TH bK b +'2 i2/ /m 'BM; 2
T2 im2+ M QMHvV #2 +QMi"QHH2/ 2772+iBp2HV B7 T 2@;2M2" i2/"
h?2 F2v bT2+i Q7 2H2+i"Q/2 ;2QK2i'vr?B+? BKT +ib #HQr@#v Bb i
h?Bb Q++m b 7Q irQ 2 bQMbX hQi HK ;M2iB+ T '2bbm 2 Bb /2T2M/2
H2M;i? Q7 i?2 2H2+i'Q/2b-i?2 bQ@+ HH2/ BM/m+i M+2 ;> /B2MiX
i?72 BM/m+i M+2 Q7 ;Bp2M TQBMi BM i?2 bT +2 #2ir22M i?2 2H2+i (
h?mb-i?2 " iBQ Q7 i?2 /BB Q7i?2Qmi2° M/BMM2  2H2+i'Q/2b Bb
i M+2 ;" /B2MiX "HQr@#v iBK2 /2+ 2 b2b rBi? M BM+ 2 b2 BMi?2 B
#v M BM+'2 b2 BMi?2  iBQ #2ir22M i?2 Qmi2 M/ BMM2 2H2+i Q/
M mTT2 HBKBi Q7 k,R 2H2+i"Q/2 " /Bmb > iBQ iQ "2/m+2i?22 2772+
iQi H  /Bmb Q7 #Qi? i?2BMM2° M/ Qmi2 2H2+i'Q/2b ? bi?22772+]
h?mb-H ;2 2H2+i Q/2b "2 /2bB" #H2 7 QK #HQr@#v T2 bT2+iBp
#2 7QmM/ rBi? qBi?2 bTQQM 2i HX-r?Q mb2 M Hi2"M iBp2 6?7Q "1
"2/Im+BM; 1?2 2772+ib Q7 #HQr@#vX SH bK Bb 2H2+i Qi?2 K HHv B
b KQ/2H2/ #v * bbB# vX Aii?2M i’ p2Hb BMiQ +QM+ p2 "2:BQM- r?:
+QKT 2bb2/ ; BMbii?2BMM2  2H2+i"Q/2X h?Bb HHQrbi?2/2MbBiv
B/2 H+ b2X h?2 TH bK i?2M 2tT M/bi?°Qm;? +QMp2t 2;BQM iQr
bHB;?iHv ++2H2  iBM; i?2 7THQrX h?Bb ;2QK2i'v pQB/b #HQr@ #v-
2tT2MbBp2 7Q  KQbi TTHB+ iBQMb- M/ MQi M2+2bb ‘v 7®) /2pB+2k
©999X
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kX8 Ji2 B H+QMbB/2 iBQMDb

PM2 Q7 i?2T'BK ‘v ii° +iBQMb Q7 +Q tB HTH bK :mMb b +QKT 2/
Bbi?2 "2H iBp2Hv ?B;? Tm Biv Q7 i?2B 2D2+i2/ TH bK BM +QKT "E
T QT2 iv? b#22M MQiB+2/ bBM+2 2 HvBMi?2B /2p2HQTK2Mi- M/
i22 mMb27mHM2bb QIQhtB2H; mMMiI( 22 K BM bQm +2b Q7 BKTm BiB:
TH bK bX h?2 7B bi Bb BKTm BiB2b H 2 /v T 2b2Mi BM i?2 ; b 72/ E
I F2MiQ +[mB 2 ?B;?@Tm Biv; b bmTTHB2b-#mii?2b2 BKTm BiB2
i?72iQi HX h?2 b2+QM/ bQm '+2 Q7 BKTm 'BiB2b Bb 7°QK i?2 TH bK ¢
2H2+1 Q/2bX AMHBM2 "TH bK " BH;mMb-2" QbBQM Q7 i?2 BMbmH
bOm +2 Q7 BRIM " BiBR2D{(?2bK HH2 TH bK @7 +BM;bm 7 +2 "2 Q7|
TH bK :mMb-i?Bb Bb H2bb Q7 +QM+2 ' MX _2; ‘/H2bb- HQr@2 QbE
+QMi2Mi BM TH bK 2D2+i2/ 7°QK +Q tB H ;mMbX HQM; rBi? Qmi@
?B;?@p +mmK bvbi2Kb- HBKBi2/p "B2ivQ7BMbmH iQ'b "2 bmBi #
T2 7Q'KBM; BMbmH iQ'b? p2?B;?2i?2'K H+QM/m+iBpBiv HQM; rBi
*M/B/ i2b7Q i?2b2K i2°'B HbBM+HmM/2 K2i HQtB/2bbm+? b HmMmKB
bQK2 KB+ @# b2/;H bb+2" KB+bbm+? bJ +Q - M/bQK2Qi?2 /p N
HmKBM M/ K2i HQtB/2b T Q/m+2 i?2 H2 B3I MMI Q7 BKTm BiB2

h?2 T'BK 'vbQm ' +2 Q7 BKTm ' BiB2b BM +Q tB H ;mMb Bb #H i2/ K i:
Q7i?2BMM2° M/ Qmi2 2H2+i Q/2hXQITH2ZITRH /RK#HnNMQM M/ 2 QbB:
Im2iQ p "B2ivQ7 + mb2b-#mii?2 KQbi bB;MB7B+ Mi Bb K2HiBM; /
:2QK2i'B+ H +? M;2b r?B+? "2/m+2 +m "2Mi /2MbBiB2®3MHb® /2+ 2 |
+Q tB H;mM2H2+i'Q/2b "2 iviB+ HHvV +QMbi'm+i2/ 7°QK K2i Hb- 2"
KQ'2 K bbBp2 i? M BQMb 2°Q/2/ 7°QK BMbmH iQ K i2'B H Q" 7 QK
1p2M bK HH KQmMib Q7 2°Q/2/ 2H2+i'Q/2 K i2°'B H ? p2 H ;2 BKT
/Im2 iQ i?2B K bb M/ i?2B° HBF2HB?QQ/iQ + mb2 "2bi'BF2X h?2 4
Ki2°B HBbbi BMH2bb bi22H- ?2Qr2p2°  Bi 2tT2°'B2M+2b "2H iBp2Hv ?
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bi BMH2bb bi22H ? b M2; iBp2 2772+i QM BMBiB H M/ BRXQM/ "V 4
P7bi M/ /K i2'B Hb- +QTT2 HHQV 2H2+i'Q/2b mM/2 :Q i?2 H2 bi
"+bX SM2 +QTT2 + M#2 bQK2r? i /B77B+mHiiQ K +?BM2-#mii?2
HHQvV bB;MB7B+ MiHv BKT Qp2b K +?BM #BHBiv M/ K v 2/m+2 2 (
+QTT2 HHQVbKQ'2mb27mH2H2+i"Q/2K i2'B HbX Pi?2" //BiBp2b

#H iBQM i? M i8N BXi2 M (



*2 Ti2 ]

.2bB: M

jXR P#D2+iBp2b

h?2 +Q tB HTH bK ~ BH;mM r b /2bB;M2/iQ ++2H2 i2 TH bK D2i
/2MbBiB2b QM@ 2R 3)2mT iQ p2HQ+BiB2b Q7 iH2 bi Ry FKfb-T 272"
ky FKfbX h?2b2 T°QT2'iB2b "2 +QMbB/2 2/ bm77B+B2Mi iQ T2 '7Q"
2tT2'BK2MibX a2+QM/ v T'BQ 'BiB2b BM+HmM/2/ bBx2- +Qbi- 2 b2 Q
rBi? Qi?2" H # 2[mBTK2MiX h?2 +Q tB H;mMr b /2bB;M2/ iQ #2 KQ
M/ 7mim 2 E6@9y p +mmK TQ ib p BH #H2 ii?2 oB ;BMB h2+? *2M
I1M;BM22 BM; 2b2 "+?X h?2 +Qbi Q7 K i2'B Hb M/ 7 # B+ iBQM r
i2Qmb M/ /QHH “bX h?2 /2bB;M r b BMi2M/2/ iQ #2 2 bBHv K BMi B\
B7 M2+2bb "vX 6BM HHv- BMi2;  iBQM rBi? 2tBbiBM; H # 2[mBTK2N\
‘MM iQ 7TmM+iBQMX h?2 /2bB;M /2+BbBQMb /Bb+mbb2/ BM i?2 7TQHH
i?72b2 +Q 2 Q#D2+iBp2bX

j Xk 1tT2 BK2Mi Hb2imT

*QMbi"m+iBQM M/ QT2 iBQM Q7 i?2 +Q tB H TH bK ;mM iQQF TH
T°BQ rQ ' F mbBM; i?2 0B ;BMB h2+?84BM2?2 ¥© bE H BrMKIDMmMib ¢
bi M/ "/ E6@9y 7H M;2 QM RXk K HQM;-3R K mBnK 242 K#HXde K? 2
p+mmK +? K#2 2 birQ E6@9y TQ ib M/ 2B;?ijy +K TQ ib r?B+? + \

R8
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6B:m 2 jXR, R,kj b+ H2 iQT@/QrM pB2r Q7 i?2 i2biBM; 2Mpl

9y / Ti2'bX 6Q BMBiIiB H +? ~ +i2'Bx iBQM i2biBM;- i?2 ;mM r b KC
+? K#2'- T2 T2M/B+mH " iQ irQ jy +K pB2rTQ ibX .B ;MQbiB+b r2°2
i #H2 QM QM2 bB/2 Q7 i?2 +? K#2 - M/ MQTiB+ H#'2 /#Q '/ QM i?2
jXRaT2+B7B+ /B ;MQbiB+b rBHH #X/BD2mdbKH2BM2*27TAR" TT QtBK i
RY iQ°°/m"BM; MQ'K Hi2biBM;X h?Bb T 2bbm 2 Bb "2 +?2/ #v 7B b
"QmBM/102 iQ "  mbBM; h"Bp + .9y" QBH b2 H2/ Qi 'vp M2 /m H bi ;2
hQ K bi2  hJ8yy ky BM+? BMH2i + vQTmKT Bb i?2M mb2/iQ 2 +?2i2

a 72iv K2 bm 2b KB "'Q i?7Qb2 mb2/ 7Q° QT2 iBQM8®X ir22BBM2 °
BM+HmM/2? “/r "2 M/ bQ7ir "2BMi2 " HQ+Fbr?B+? Kmbi#2 +iBp i2/ #:
FBHH brBi+? r?B+? /I Bb+QMM2+ib HH TQr2 bmTTHv- M/ 22/ brBi+
IQQ r?B+?/Q2bi?2 b K2X
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6B:m 2 jXk, 2M/2°BM: Q7 i?2 2ti2 ' BQ Q7 i?2 +Q tB H :n

iXj .2bB:M Qp2 ' pB2r

*Q tB HTH bK ;:mMb "2KQ ' 2/B77B+mHiiQ +QMbi m+ii? MHBM2 "
h?2 +Q tB H+QM7B;m’ iBQM Q7 i?2 2H2+i"Q/2b BMi'Q/m+2b KQ 2 +
b2 HBM: TQBMib- M/ ii +?K2Mi K2i?Q/bX *VHBM/ B+ H +QKTQM2N\
7 # B+ iBQM b r2HHX J Mv T ib Q7 i?2 +Q tB H ;mM Kmbi #2 TmHH?

"2KQp2/-r?B+? mH2b Qmii?2 mb2 Q7 T2 K M2Mi /?2bBp2 2t+2Ti

h?2 7BM H /2bB;M +QMbBbib Q7 BMM2" M/ Qmi2 2H2+i Q/2b- BMM:
i7°22 BMbmH iQ b- M/ p "B2iv Q7 7BiiBM;b M/ 2 “/r "2X h?2 BMN
"2 b2T " i2/#v TH bK @7 +BM; BMbmH iQ° M/ M BMi2 M H BMbm
"2 i +?2/iQ 2 +?2 Qi?2 rBi? M /?2bBp2- M/ ?2H/ BM TH +2 rBi?

h?2 Qmi2  2H2+i'Q/2Bbi? 2 /2/ QMiQ TBT2 MBTTH2-i?2 Qi?2  2M/
+mbiQK@/2bB;M2/E6@9y #H MEX h?2 BMM2 2H2+i Q/2 2ti2M/b i? ¢
Bb 72/ BMiQ i?2 bb2K#Hvi? ' Qm;? i?°2 /2/ +QMM2+iBQM ii?2 2M/
K +?BM2/ +QHH ~Bb ii +?2/iQi?2BMM2  2H2+i"Q/2iQ +i b MBMM
+QM+2Mi'B+ TBT2 "2/m+2" T 2bb 7Bi iQ i?2 +mbiQK #H MF +ib b i
M 2ti2 M H BMbmH iQ bBib #2ir22M i?2 Qmi2  TQr2  722/i?°Qm;?
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6B;m 2 jXj, *mirv pB2r Q7 i?2 +Q tB H ;mM b?QrBM; RV i?2 BMM
2H2+i°Q/2- jV TH bK @7 +BM; BMbmH iQ - 9V BMi2"™M H BMbmH iQ
TQr2 722/i?2 Qm;?-dV +Q tB H+ #H2 Qmi2 +QMM2+iQ b- 3V +Q tB
722/1?2 Qm;? +QHH - NV ; bTm77@p Hp2 bi M/Q77-RyV ; b Tm77@¢

T 2p2Mi "+BM;i?2 Qm;? B X "'2M/2 BM; Q7 i?2 2ti2 M HpB2rQ7i?2
6B;mXkM/ +mir vpB2r BNIX&B ;i HBbi Q7 ;mM +QKTQM2Mib + M #2 b2
JXR h?2 ;mM + M #2 bb2K#H2/ M/ /Bb bb2K#H2/ 7Q° "2HQ+ iBQM- +
Q7 / K ;2/ T 'ibBM K ii2° Q7 KBMmi2bX

h?2°'2 "2irQT°'BK 'vb2 HBM; bm' 7 +2bQMi?2+Q tB H;mMX h?2 7B"
#v 7HMQ Q2H biQK2 Q@ BM: +QKT 2bb2/ #2ir22M b?QmH/2 QN
MmMTT2 bm'7 +2 Q7 i?2 BMi2™M HBMbmH iQ X a2 HBM; 7Q +2 Bb T
b+ 2r2/ BMiQ i?2 +mbiQK E6@9y #H MFX Air b BMBiB HHv #2HB2p?
7Q0°+2rQmH/ #2 M2+2bb "viQ K BMi BMi?Bb b2 H-#miBi? b#22Mb
p +mmKrBi? H2bb i? M? H7 1?2 2tT2+i2/7Q +2X b2'BQmb /" r# +F
HBM2 ~ " BH;mM Bb i?2 2ti2MbBp2 mb2 Q7 GQ+iBi2 N9Nk- HbQ FMC
i /2 M K2 hQ > a2 HX h?Bb ?2 pvmb2 Q7 hQ > a2 HK F2b bb2K#Hv
HBM2 * ;:mM /B77B+mHi M/ iBK2@+QMbmKBM:X AM //BiBQMiQ pQ
Q7hQ a2 HQMi?2 +Q tB H;mMBb M2+2bb "v#2+ mb2Q7i?2KQ'2
b2 HBb HQ+ i2/ #2ir22Mi?2Qmi2 bm 7 +2Q7i?2BMi2°"M HBMbmH
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6B;m 2 jX9, *mir vpB2rQ7i?2 +Q tB H;mM7Q+mbBM; QM i?2 i

b2 HBbi?2b2+QM/ TQBMi QM i?2 ;mMr?2°2 M /?2bBp2 Bb mb2/X h
Q@ BM; +QKT 2bb2/ #2ir22M i?2 Qmi2 2H2+i'Q/2 M/i?2QTTQbBi2
#mi i?Bbr b MQi 2 bBHv 7 # B+ i2/X hQ'> a2 H TTHB2/ "QmM/ i?2
7Q Kb i?2b2 HBMbi2 /X +mirvpB2r7Q+mbBM; QM idX9 BTH2 b2

iX9 Ji2°B Hb2H2+iBQM

h?2 T'BK v +QMbi> BMib QM K i2'B Hb2H2+iBQM BM i?2 +Q tB H TF
2 iB2b M/ #m/;2iX h?2b2 i Bib r2°2 Q7i2M BM QTTQbBiBQM iQ 2
i?72 p BH #H2 QTiBQMb 7Q K i2'B Hb BM i?2 ;mMX a2p2> H /Qx2M /
BM2/ #27Q°2 i?2 7BM H + M/B/ i2b r2°2 +?Qb2M M/ i?2 +QKTQM2Mi
+QKT QKBb2b ? / iQ #2 K /2 BM K i2°B H +?QB+2 7Q  i?2 7BM H /2D

*QKTQM2Mib mb2/BM HHp +mmK bvbi2Kb 7 +2irQ T°'BK "vK i2'B F
i?72 +Q tB H;mMiQ #2 bm++2bb7mH- Mv K i2'B Hb mb2/ BM Bib /2b
+ ' Bi2'B , 7B bi-i?2vKmbi#2p +mmK +QKT iB#H2 @ i?2vKmbi? p2 M
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M/ /IB77mbBQM- M/ Kmbi K BMi BM i?2B  b? T2 mM/2> ?B;? Q mH
i72 K i2'B Hb +?Qb2M Kmbi #2 K2+? MB+ HHv "Q#mbi bQ i? i i?2v
QT2 iBQM- M//Bb bb2K#HvX hrQ //BiBQM H 2[mB 2K2Mib r2° 2 /2i
SQr2°722/i?°Qm;?b M/2H2+i"Q/2b Kmbi#2+ T #H2 Q7 + ~“vBM; ?B;"
7 +BM; K i2°B Hb Kmbi #2 "2bBbi MiiQ i?2 2ti'2K2?2 i 7THmt bbQ+B

Pmi; bbBM; Q7 K i2°B Hb Q++m b r?2M i?2 T 2bbm 2 Q7 i?2 p +mmK
HQr2 i? Mi?2p TQ T 2bbm 2 Q7 2Bi?2 i?2K i2°'B HBib2H7-BKTm"®
#bQ #2/ BMiQ i?2 K i2'B HX J2i Hb /Q MQi i2M/ iQ #bQ # Km+? ; b
bQK2iBK2b + MX STQ#H2K iB+ K2i Hb i?mb i2M/iQ ? p2 ?B;? p TQ °
MOQM@K2i HHB+ HHQV Mib K v HbQ Qmi; b bB;MB7B+ MiHvX HHQ\
H2 /- K ;M2bBmK- bmHT?m - Q' xBM+ b?QmH/ #2 pQB/2/ 7Q" i?Bb
T Q#H2K iB+ #2+ mb2 i?2v #Qi? ? p2 ?B;?2 p TQ T 2bbm 2b- M/ ¢
TH biB+b HbQ ? p2 ?B;? TQ ' QbBivX 62r TH biB+b 2 bmBi #H2 7Q
TTHB+ iBQMbX LQM@TQ Qmb +2° KB+b "2 ;2MRX HHH2 hnYM BQ ™ m
QT2 i2/ mbBM; BMD2+i2/ ";QM ; b- M/ /B77mbBQM Q7 BMD2+i2/ ;
iQ ;QMO6b "2H iBp2Hv ?B;? KQH2+mH " r2B;?iX

aBM+2 i?2 +Q tB H ;mM Bb QT2 i2/ i "QQK i2KT2  im 2- rBi? ?B;?
T2 B2M+2/ QM i?2 TH bK @7 +BM; bm 7 +2b- K2+? MB+ H T QT2 iE
M Bbbm2X aQK2 K i2'B Hb "2 "mH2/ Qmi- bm+? b ; T?Bi2 7Q  2H:
2 F+2 KB+b M/ TH biB+b 7Q BMbmH iQ bX bi?2b2K i2°B HbivT
i72 MMK#2° Q7 ++2Ti #H2 K i2°B Hb Bb MQi bB;MB7B+ MiHv "2/m+
F TIQMX J2+? MB+ H bi"2M;i? Bb M2+2bb “v- #mi MQi /B77B+mHi iQ

IM7Q imM i2Hv- +QKTQM2Mib K /2 Q7 K i2'B Hb r?B+? #2bi 7TmHT7E
iQ #2 p2 v 2tT2MbBp2X h?2v 2 2Bi?2 K /2 Q7 2tT2MbBp2 K i2 B
iBK2@+QMbmKBM; 7 # B+ iBQM T Q+2bb2b- Q" #Qi?X J i2 B Hb i?
K2+? MB+ HHv "Q#mbi "2 HBKBi2/iQ +2° KB+b-+2i BMK2i H HHQ\
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Q7 TH biB+bX J2i Hb rBi? HQr K2HiBM; TQBMi Q  i?2 K H +QM/m+iB
7 +BM; TTHB+ iBQMb- b 2 HH TH biB+bX J Mv Qi?2 rBb2 pB #H
i72°K H bi*2bb Q7 TH bK 2tTQbm 2X *m  2Mi@+ ~vBM; M/ TH bK
HQM: rBi? +Qbi +QMbB/2" iBQMb Q7 BM/BpB/m H +QKTQM2Mib rB|
b2+iBQMX

iX8 *QKTQM2Mib

jX8XR 1H2+i Q/2b

h?2 2H2+i°Q/2b "2 i?2 KQbi BKTQ i Mi +QKTQM2Mib Q7 Mv > BH;ml
i72 BMM2" 2H2+i°Q/2 Bb +VHBM/ B+ H "Q/ rBi? /B K2i2° Q7 RX3
+KX AMD2+i2/; b 2Mi2 b i?2 #°22+?2 Q7 i?2 :mM i?°Qm:;? irQ bK HH ?
i?72 KmxxH2 2M/ Q7 i?2 ;mMX h?Bb H2M;i? +Q "2bTQM/b rBi? i?2 " |
"2K BMBM; R8XYy +K +QMM2+ib iQ i?2 BMM2  TQr2 722/i2°Qm:? M/
70 i?2 ;mMX h?2 Qmi2 2H2+i Q/2 Bb kkX8 +K BM H2M;i? rBi? M BM
MQmi2 /B K2i2 Q7 jXyy +KX "HQr@#v M/ 2bi'BF2 2K DQ  bQm
+Q tB HTH bK ;mMbX AMi?Bb + b2- #HQr@#v Bb mMHBF2Hv- b Bi |
7Q° " BH:mM- Ny F X h?2 ;mM ;2QK2i'vr b HbQ /2bB;M2/iQ KBMB
B772 2M+2b #2ir22M ++2H2 iBQM QM i?2 bm 7 +2b Q7 i?2 BMM2
rBi? 2H2+i°Q/2 " /BB " iBQ- M/ #HQr@#v /2p2HQTb KQ 2 [mMB+FHv 7
HX§ "2+QKK2M/ i? i ++2H2  iBQM /B772 2M+2b ;2 i2°i? M QM2 Q"
#2 pQB/2/X h?Bb +Q "2bTQM/b rBi? M 2H2+i'Q/2 " /BB iBQ Q7 k,F
/BB 7Q i?2 +Q tB H TH bK ~ BH;mM Bb RX3R,RX _2bi'BF2 Bb + n
_2bi'BF2 " "2Hv + mb2b T'Q#H2Kb 7Q " BH;mMb QT2  i2/ i mM/2 F
K2i2 b BM H2M;i?X h?2 +Q tB HTH bK *~ BH;mM Bb b?Q i 2MQm;? i?
H27ii?2 ;mM #27Q°2 DbB;MB7B+ Mi KQmMi Q7 +m "2Mi + M #2 HQb|
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h #H2 jXR, *QKTQM2Mib mb2/ BM i?2 /2bB;M Q7 i?2 +Q tB H ;:mM N
i?2B° 7 # B+ iBQMX

] *i2;Q v *QKTQMZMi Ji2°'B H \
1H2+i Q/2 AMM2" 50W imM;bi2M@+QTT2"
Pmi2"° 50W imM;bi2M@+QTT2"
AMbmH iQ° SH bK @7 #BM; J +Q°
AMi2 M H S11E
1ti2 M H So*
SQr2° 722/i?2fQm;AMM2° jey # bb
Pmi2° jy9 bi BMH2blb bi22H
Pmi2" +QMM2+iQey # bb
b 722/i? Qmai?M/Q77 +QMM2#2QH USPJV
Sm77@p Hp2 jJyBiai BMH2blb bi22H

i Hj)(X

bi?2v "2 TH bK @7 +BM; M/ +m 2Mi@+ vBM;-K i2'B Hb mb2/ Bl
2p2°v +'Bi2'B 7Q K i2'B H b2H2+iBQMX AM //BiBQM- i?2 +Q tB H
Ki2°B HKmbi#2 K +?BM #H2 mbBM; H i?2X- i? 2BR/2mb K2i/2BBI +Hb TiQ
#Qi? +m "2Mi+ T +Biv M/ 2H2+i"Q/22 QbBQM 2 ?BXR@MinBMb +QT
M2t KTH2 Q7 2 °QbBQM " i2b 7Q  /B772 2Mi +QTT2" HHQvVbX Sm 2
bB;MB7B+ Mi +QM+2 M QM im M2/ TB2+2 #2+ mb2 Mv BMi2 M H +~
iQ "2KQp2X h?Bb bm;;2bibi? i KQ'2K +?BM #H2 +QTT2" HHQV b?(
/Q2b MQi K22i p +mmK +QKT iB#BHBiv "2[mB 2K2Mib M/ HmKBMm
TH bK #H iBQM- b /Q KQbi HmMKBMmMK HHQvbX 8yWimM;bi2M- 8}
QM 7Q" i?2 7BM H 2H2+i"Q/2 /2bB;MbX hmM:bi2M@+QTT2  ?2 b "2H
bBKBH ° #H iBQM " i2biQ Tm 2 +QTT2 X hmM;bi2M@+QTT2 Bb KQ
#mi i?72 /12+°2 b2/ K +?BMBM; iBK2 H2 /b iQ +Qbi b pBM;bX h?2 +QK
b?QrM BM 6BE8m 2






	Titlepage
	Abstract
	General Audience Abstract
	Dedication
	Acknowledgements
	List of Figures
	List of Tables
	Introduction
	Background
	Early developement
	Theory and operation
	Marshall-type guns
	Cheng-type guns

	Applications
	Spheromaks and other compact toroids
	Z-pinches

	Instabilities
	Restrike
	Blow-by

	Material considerations

	Design
	Objectives
	Experimental setup
	Design overview
	Material selection
	Components
	Electrodes
	Insulators
	Power feedthrough
	Gas valve
	Pulse-forming network


	Characterization
	Diagnostic methods
	Rogowski Coil
	Interferometry
	Photodiode


	Results
	Delay timing optimization
	Jet characteristics
	Discussion

	Conclusions
	Research conclusions
	Contributions
	Improvements and future work

	Bibliography

