
~~~Nte Q~LEYEL6
JASONO
JSN-79-0

IMPCTFUSION WITH A SEGMENTED
RAIL GUN

By N. L. Garwin
R. A. Muller
S. Richter

F-~D DC

1_0 ~Appond fmpubli *I=

Arlington, Virginia 22200

w



U JASON TECHNICAL NOTE

JSN-79-05

IMPACT FUSION WITH A SEGMENTED RAIL GUN

;21

-u wo



UNCLASSIFIED
ISCURITY CLASSIFICATION OF T)HIIU PAGE (When Data IlSoed.)

REPOT DCUMNTATON AGEREAD INSrRUCTONSREPOT DCUMNTATON AGEBEFORE COMPLETING FORM
'It GOVTR[ A1ESIO NO. 046~CIP16NT'S CATALOG NUJMBER

4. TITLE (anid Subtite) S. TYPEK OF 11SPOINT II PIRIOD COVUIRE

Impact Fusion with a Segmented Rail Gun# Tehnia at

A. ru 11I. TAC OR GRANT NU1MBIR(s

B._________ EY- 76--P3-d--l15
0 INTINPAM~l AND AD Ia.11110 14 PRG ~LEMKNT, P O111JECT, TASK

Arlinito~ VA2293 NO. OF PAGES

14. MONITORtING AOENCY NA Otr) UCASFE

17.le DDISTPSFIUTIOT DTTMN

CILI

ill, KRY WO 0 (oniinue on reVeroa ide 11 nescesurY and Itlenifly bV block number)

ELECTROMAGNETIC PROPULSION
¶ RAIL GUNS

MAGNETIC ACCELERATION
IMPACT FUSION
HEAVY ION FUSION

20.q"Ae raoniu gun offers e al t hteryandtIventf aylteknativert)h rvlngwv il o
hACTh raoni uu offreersid in atesractive alternaiiv to thek numbinwverile)o

the magnetic acceleration of macroscopic (0.05 g) bullets for impact fusion. In
this paper we review the basic rail Sun equations and indicate how energy effic-
iency can be designed in. We set an our preliminary goal the delivery of I megs-
joule in 10 nanosecond., with a specific energy of 20 MJ/g (i.e.a bullet mass of
0.05 g); these values are taken from TPR requirement, being considered for heavy-
ion~usion. Using theme numbers the final particle velocity is 200 km/sec. Irdr aI
delivery time of 10 nanoseconds, this velocity implies that the projectile lengt\

DD FORM 14 3UNCLASSIFIED
IDDY JAN OP 147 NOVgil 55&OSLT EUIVCASSIPICATION OF THIN PAGE (when Date Entered)

GD'IO OF i O t1 ULT



UNCLASSIFIED-.

P I A08 1RACT (0"In)d

is abo~ut 2 mm. impact fusion is feasible because of the coincidence that a
bullet with all dimenuions roughly 2 mmn has the required mass.

al,

IDITION OF I NOV 0 38 OOLITk EU~YOAUiIAINO ~SPC We se*t~~



CONTENTS

'4., INTRODUCTION . . . . .

I BASIC RAIL GUN EQUATIONS .

II EFFICIENCY . 4

APPENDIX . 8

DISTRIBUTION LIST , 10

0031ON for

Will Whlite section
coo suti Setaion 0

•; ~UNAqNNOiNO•O

.•........ .............

n•M• OmtONIAM YU/ ,
t:Lt #



INTRODUCTION

The rail Sun offers an attractive alternative to the traveling wave

rifle for the magnetic acceleration of macroscopic (0.05 S) bullets for

impact fusion. For power 8eneration it Is essAntial for the rail Sun to be

energy efficient. in this paper we review the basic rail gun equations and

indicate how energy efficiency can be designed in. We set as our

preliminary goal the delivery of E I 1 megajoule in dt 1 10 nanoseconds,

with a specific energy of 20 MJ/g (i.e. a bullet mass of 0.05 S); these

values are taken from the requirements being considered for heavy-ion 4

fusion. Using these numbers, we can solve immediately for the final

particle velocity uf from E - 1/2 muf 2  to get u= 200 km/see. For a

delivery time of 10 nanoseconds, this velocity implies that the projectile

length is about 2 ms. Impact fusion is feasible because of the coincidence

thet a bullet with all dimensions roushly 2 mm has the required mass.
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I BASIC RAIL GUN EQUATIONS

We begin by reviewing the basic equations which have been derived by

J.P. Barber and -;thire. We t:eall derive these equations in the simplest

possible form, in order to emphasise the scaling laws and the physics

contained in them. The power dalivered by a current I and voltage V,

ignoring losses, lot

2P - IV - d/dt(LI /2) + Fu

where L is the inductance, F is the force on the "armature" (i.e. the

bullet), and u is the bullet velocity. Setting V - d/dt(LI) and

msilifying, we Let the basic rail gun equation:

2
7 1/2 L'I 2.;

where L' is the inductanco per unit length, and is very close to

L' - 0.6 adcrohenries/ueter for typical rail gun geometries. For

simplicity ve shall now assume constant acceleration, i.e. constant current

I. The work done on the bullet-is E a F. = L1 2 /2 where L w L'a. Note

that the work done on the bullet is equal to the energy stored in the

magnetic field of the railsl this inductive energy can be recovered, in

principle. Note also that for fixed E and L' the length of the rail sun

"fg"," is proportional to 1-2. The required voltage can be calculated from

21 )



V - d(flux)/dt * IL'u. The values for the current, maximum voltage, and

acceleration time t for two lengths of rail-gun are given in the table

beloat

length a a 100 meters I km

current = 180 MA 60 kA

maximum voltage a 23 kV + ZR 7 kV + ZR

time - 0.001 sac 0.01 sec

The IR term in the voltiag refers to the drop from resistive losses, and is

discussed below. The required current can be supplied by capacitors or by

high-voltage homopolar generators.
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11 EFFICIEN4CY

For application to impact fusion, It to essential to keep the resistive

losses to a minimum, To the extent that the resistance@ in the rail Sun

are independesit of velocity u, the most difficult regime Is the low

velocity one where the power being transferred Into bullet kinetic energy

P es Pu is low. On the other hand, designs which are inefficient at low

velocities may be considerably more efficient at high velocities, for the

some reasons

The energy lost to resistive heating of the bullet or driving plasma

is Q a 12Rt es 2ERt/L's - 41R/L'uf . The "inefficiency factor" for the

bullet Q/E a 4R/L'uf is independent of accelerator length, and depends

only on the final velocity to be achieved, uf* The resistance of a copper

bullet with dimensions of 2 mmn will be about 10-5 ohmi although resistive

loss is not a problem with the bullet, the copper may be heated beyond its

melting point* The resistance of a driving plasma can be calculated from

* Spitzer's formula, and is approximately 0 65 ln(H)/T3 /2  where H

* `depends on the temperature and density; ln(H) 0 3 for the densities and

temperatures of interest. (Black body emission alone will prevent the

temperature from rising above 1&5 K). Substituting values, and assuming

thast'the plasma occupies a 2 mmcube, the resistance of the plasma is

R w 3 x 10-3 ohm, and for the plasma Q/E - 30R - 0.1, an acceptable[

values The resistive voltage drop across the plasma will be

V 11L (60kOMA(,03) *180 volts.
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Resistive loss in the rail* is a more serious problem, especially for

the longer rail guns. The DC resistance for two 1-km rails with a cross-

section of 2 = x 2 am Is RDC - 8.5 ohms. When the bullet is at a

position a the resistance is RDC(z/$m) If skin-depth effects are ignored

(the true resistance will be greater). The energy lost to resistive

heating in the rails during constant acceleration a is

l2

._ Dd * C 1 2RDC 1R~
I Rd fsdt ~2I ft dt IR~

"Yrom the above -esult, we can define an average or effective resistance

R- a.DC/ 3 - 2.8 ohms. We find for the rails, Q/E - 30R - 85, and an

efficiency 1'/(Q + E) - 1.2%. One cannot arbitrarily reduce the resistance

by Increasing the rail cross-sectlon, for to do so reduces L'. A smaller

L' implies a smaller force on the bullet, and hence a longer rail gun to

achieve the same terminal velocity.

To improve the efficiency, it is necessary to divide the rail into

segments, Vith current iloving only in the segment carrying the bullet. A

schematic diagram is shown in the figuret
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Schematic Diagram of a Segmented Rail with
Current Flowing only in the Segment Carrying the Bullet

The current behind the bullet will penetrate to an average depth given by

w where 6t Is the time since passage of the bullet, p is the resistivity,

and %o is the permittivity (a 1.3 x 10-6 in MKS units, for non-magnetic

materials). For a large number of segment& N, we can assume that tLte skin

i*i depth a is lees than the thicknees of the rails, and derive the following

formula (see Appendix) for the effective resistance of the segmented

systeml

3h t

For s - 1000 meters, P w 1.7 x 10-8 ohm-meters (Cu), and the height of the

rails h " 2 am, this lives I 2//IN ohms. Thus for N aegments, we. have

6
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Q/E 65/Ji , For N - 1000, the efficiency e a E/(Q + E) - 30%.

Additional gains are possible by Increasing N, the limit looking 1-t 'A

lumped delay line with propagation velocity matching the bullet ve:,,ty

and pulse length not much longer than the bullet.

For the 1000 segment, I Um rail gun, the maximum lý.voltage dr, from

the resistance in the rails is 60kA x 2/ 4 , 0 4 kV, comparabl. to the

beck W required of 7kV (ate the table on page 3).

The segmented rail gun can be fed by poesar supplies along its ingth,

represented by capacitors in the figure. N4o switches to close the circuit

are shown, because the switching is automatically provided by the !'ullet,

Since the resonance time of the L-C circuit is approximately equal to the

transit time of the bullet, it may be possible to use the automatic

switching of the bullet to open the circuit at a time of near-zer. current

* flow,

A
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APPOlIX

If fegtive .Re.statnce of 1a Rail Gun SOemon

Consider one elam da of seggent of length LA. Let resistive

* heating during pess&$e of bullet " dQ. Skin depth a s(t)

where h -height of rails

Nov integrate this over segment of length Ail Aussme velocity

*U constant.

212 " d2 Ar3/ *4. 1
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(a) Suppose lengths are chosen such that tj t/ .
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For 2 rails, double this answer.

(b) Suppose lengths are chosen such that A - A,/

ii
44

This sum can be done by approximating It with an integral, and the answer

is the same as for (a).
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