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ABSTRACT 

We calculate the effect of the penetration of the self magnetic 

field of an intense relativistic electron beam on the process of beam-

target interaction. The diffusion of the magnetic field and the 

hydrodynamic expansion of the target are dynamically taken into 

account. It is found that at beam intensities of interest for 

pellet fusion considerable range shortening occurs by magnetic 

stopping. 
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Introduction 

The study of thermonuclear fusion by means of intense electron 

beans requires the detailed investigation of the process of the bean 

target interaction. One important stopping mechanism, magnetic stop

ping which is due to the penetration of the beam self magnetic field 

into the target was recently emphasized by Pashinin and Yonas (1976). 

In this paper we present self-consistent time dependent calculations 

of the coupled phenonena of energy deposition, hydrodynamic expansion, 

magnetic penetration and magnetic stopping. A simplified o.:e 

dimensional model of the hydrodynamic expansion was used. 

The possibility that the beam magnetic field may significantly 

alter the energy deposition profile was pointed out by Yonas et al. 

(1974). An example of a calculation which demonstrates the importance 

of magnetic stopping was reported by Halbleib and Vandevender (1975) 

for the case of a gold blowoff target. Magnetic effects were also 

studied taking into account two-dimensional hydrodynauic expansion by 

Zinaaon et al. (I97S). There, the rather extreme unphysical case of no 

current neutralization was examined in order to observe the maximum 

possible effects of the self magnetic field. The effective range 

shortening due to the magnetic effects results in a more rapid hyu.-o-

dynaaical expansion compared to the case of no magnetic field. 

In Section 2 we describe the model presented in this paper, while 

in Section 3 some aspects of the calculation are given. The results 

are reported and discussed in Section 4. 

2. Model 

The model adopted here is a one-dimensional hydrodynamic expansion 
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calculation coupled to a Monte-Carlo calculation which accounts for the 

energy deposition of tht electrons in the target. The influence of the 

beam magnetic field, as it penetrates into the target, was accounted 

for in the deposition calculations. A parallel flowing electron beam 

of uniform density flowing in the z direction is assumed to be perpen

dicularly incident on the face of a cylindrical copppr target. 

The beam self field penetrates into the target according to the 

one-dimensional mageritic diffusion equation 

3 ,1 3B , 3B ... 

alfea?'" It (1) 

where a is the electrical conductivity and y the magnetic permi-

ability. We assume u * u , while a is a function of plasna density 

and temperature. The electrical conductivity was calculated according 

to Braginski (1965). A more detailed account of the conductivity 

calculation will be given in the next section. The radial dependence 

of the magnetic field within the target is assumed equal to the radial 

dependence outside the target. The diffusion coefficient in the 

magnetic diffusion equation (£q 1) is a function of temperature and 

density. The diffusion equation was therefore solved by the standard 

implicit difference scheme (with 9 * *jj using the recurrence relations 

d scribed by Richtmyer and Morton (1967). 

The energy deposition calculations were performed by means of the 

Monte-Carlo method, similar to Berger (1963) (see also Zinamon et al., 

1975). The calculations ate, however, modified to include the 

magnetic field effects on the particle trajectories. The continuous 

slowing down approximation is used for calculating the energy loss 

while the Moliere multiple icattering theory is used to describe 
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the influence of the target aaterial on fie particle trajectories. 

The electron path , disregarding magnetic effects, is subdivided into 

100 segments. The cumulative effect of multiple scattering within each 

segment is chosen to occur at a random point within the segments. The 

energy deposition was calculated both as a function of the axial 

(beam direction) and radial coordinate. Temperature and density effects 

on energy loss and on multiple scattering were not accounted for 

although they were found to influence energy deposition (Nardi and 

Zinaaon, 1977). These effects could be neglected here since in the 

present case of a planar target and current of 2 MA, magnetic stopping 

dominates. 

Due to the presence of the magnetic field within the target the 

particle trajectories between two Monte-Carlo events are not straight 

lines but are bent by the magnetic forces. The particle paths in the 

presence of the magnetic field were further divided into segments equal 

to one quarter of the Larmour radius at the given point. The effect 

of the field was obtained by analytically solving the linearized 

relativistic equations of motion for the given segment (see the 

following section for more details). The solution of these equations 

yields new direction cosines of the particle. The new direction co

sines are attributed to the particit at the end of the segment, while 

the particle is transported throughout the length of the segment 

using the old direction cosines. The direction cosines at the end of 

the segment are not changed should the distance to the point at which 

multiple scattering occurs be less than one quarter of the larmour 

radius. 

The backscattered electron trajectories are calculated by solving 
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the relativistic equations of motion outside the plasma. The beam 

magnetic field is determined using the net current flowing in the beam. 

The backscattered electrons are either reabsorbed into the beam or 

reenter into the target. The electron motion outside the plasma is 

also described in the next section. 

The equation of state used in the one-dimensional hydrodynamics is 

essentially that due to Altshuler et al. (1960). In order to avoid 

excessive computer time consumption the Monte-Carlo deposition calcu

lations were carried out every 0.2S ns. The magnetic diffusion 

equation was also solved at these time intervals. The values of the 

magnetic field as a function of target depth thus obtained were used 

in the Monte-Carlo calculations as discussed abovi> In our model of 

one-dimensional flow the energy deposited in each target layer was 

summed up and the energy input used in the hydrodynamic calculation 

was the average deposited energy per unit mass in the layer. The next 

step was the calculation of the hydrodynamic expansion of the target. 

Following this a new cycle '.fas initiated: The magnetic field diffusion 

equation and energy deposition were once more solved using the new tem

perature and density profiles obtained from the previous hydrodynamical 

step. At the temperatures studied in this work radiation and conduction 

effects are neglected. The computation was carried out up to a time of 

7 ns. The parameters used in the calculations are given in section 4. 

3. Calculations 

In this section some aspects of the calculation will be discussed 

in more detail. As mentioned in the previous section the plasma 

electrical conductivity used in Eq. 1 was calculated according to 



Braginski (1965). The coordinate z in Eq.1 denotes the direction of 

flow and depth of penetration in the target of the uniform parallel 

electron bean. Hence, the conductivity used in the calculation is o , 

the conductivity perpendicular to the magnetic field, a is given by 

2 
e n.T a,'x,+a' -1 

„ - - ^ 2 - (1- y % ) (2a) 
"e x 4 * ^ ^ 

where t denotes the electron collision time and is given by: 

1.088 • 10 1 0 (kT)3|/2 

Z is the effective ionic charge, n^ the ionic density and JtnA is the 

Coulomb integral. The magnitude of the magnetic field is included in 

the parameter x which is the product of the electron cyclotron frequency 

and collision ti«e x » (jpj} T . aj, a', Sj and S0 are parameters 

which depend on Z, empirical fits of these parameters as a function of 

Z are given by Chandler (197S). The electron temperatures attained in 

the calculation are such that kT » Ry. Hence, &nA was assumed equal 

to in B/X, where D is the Debye length and X the thermal de Broglie 

wavelength. 

In order to obtain a in accordance with Eq.2, the effective ionic 

charge of the target must first be determined at the temperature and 

density under consideration. This was accomplished by solving the 

Sana equation with the assumption that all the partition functions are 

equal. The high density and relatively long time involved in the model 

described here make the LTE approximation valid. 
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In the energy deposition calculation the effect of the plasma on 

the particle motion must include combined effects of the slowing down 

or energy loss of the particles as well as the magnetic forces. The 

energy loss is expressed by means of dy/ds = f(v), ds » d(pJl), where 

I is the path length, p is the density. The electric field is assumed 

to vanish in the plasma. Substituting b = eB/m c, where B is the 

magnetic field, the equations of motion are 

(3) 

r'V»:) - $ (TV • ̂  (TB.) 

Here, r and z denote the radial and axial directions, respectively, 

2 -1/2 
6 « v/c, Y * (1-6 ) . We used a solution of the linearized 

equations at time intervals At. y and g are assumed to be constant in 

the time interval. For a particle traversing a distance is in the 

tine interval it with initial conditions given at time * 0, the 

solution is 

(YB r) A t - exp(£-tr?As)Ij:Y6z)oSir(^t)+(v6r)ocos(^t)] 

Mz\t ' «xP(f^i*s)tCvSr)0sin(^4t)+(YBl)0cos(|4t)] 

*"»>4t " C ^ e ) 0 e x p ( ^ » ) 

The notion of backscattered electrons outside the plasma is also 

described in cylindrical coordinates. Some of the backscattered 

electrons return to the plasma before completing a Uraour cycle. 

For these electrons a two-dimensional calculation of the trajectory. 
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neglecting the a:irauthalcomponent of their exit velocity is sufficient. 

The solution at the end of the time step At, with initial conditions 

at t = 0, i s : 

C y V i t = Tr ( 1- c o s7A t )* ( l , erVO SY " + uP 2 J 0 s i iAl t 

(vBz)At * ^sin^t-(Ye r)0sin^t+(- ,B2)0cos^t 

where e • eE/mc and E is the diode electric field. 

In some of the cases, depending on the parameters of the calcula

tion, the backscattered particles climb up the beam axis in a spiral

like motion. In these cases we assume that the electrons are re

absorbed in the beam and their contribution is added to the total 

current uniformly, keeping it at its prescribed net value. These 

electrons are returned to the plasma with the same energy with which 

they left it. 

4. Results 

The parameters of the calculation are first described followed by 

the results. The beam is cylindrical in shape with a radius of 0.1 CM 

and the current and voltage are 2 MA and 4 MV, respectively. The 

diode field is assumed to be2.10 V/cm. As mentioned above the bean is 

of uniform density and its direction of flow is perpendicular to the 

surface of the target. The Cu target was 0.2S mm thick and was divided 

into SO equal Lagrangian elements. The radius of the target was equal 

to the beam radius. 

The complete energy deposition coupled hydrodynamic calculation 

was carried out both with and without the inclusion of the magnetic 

field effects. Thus the influence of the magnetic field on the energy 
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deposition process and hydrodynamic expansion could be ascertained. 

The energy deposition code was checked by comparing the results of 

our calculation for an infinite planar target (with no magnetic field) 

with those of Spenct.*1 (1959). The results were in good agreement. 

For the case of no magnetic field 53% of the beam energy is 

absorbed by the target at the outset of the pulse, while 41% 

of the beam energy is lost as a result of electron escape 

from the sides of the target and another 6% of the energy is emitted 

in the form of Bremsstrahlung. After 7 ns again with no magnetic 

effect, 42% of the beam energy escapes from the sides of the now 

diffuse target. However, after 7 ns with the effect of the magnetic 

field, only 13% of the beam energy escapes from the sides of the 

target. Thus the magnetic field is observed to confine the bean to 

the target. 

The penetration of the magnetic field into the target at times 

3 ns and 7 ns after the start of the pulse is shown in Fig, 1. The 

energy deposition profiles at the same times with and without the 

•agnetic stopping are shown in Figs.2,3.It is evident that magnetic 

stopping of the electrons occurs in the region of penetration of the 

magnetic field, which causes the deposition profiles to be strongly 

peaked near the surface. The temperature profiles at the sane times 

with and without magnetic field penetration are shown in Figs. 4 and 

5. The effect of magnetic stopping is evident from the peaks in the 

temperature profiles at the surface. He note that at 7 ns a temper

ature of 1.3-10 (K°) is attained at the surface. The effect of 

the magnetic stopping on the'hydrodynamic expansion of the target is 

shown in Fig- 6. The increased energy density causes the expansion 
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with field penetration to be about 2.5 times faster than that without 

field penetration. This effect should be experimentally detectable. 

It is concluded that at beam intensities relevant for pellet 

fusion, self magnetic field effects in slab targets strongly modify 

the energy deposition profiles as well as the hydrodynamics involved. 



11 

References 

Altshuler, i V. et al. (1960) Zh. Eksp. Fiz. 38, 790. (Sov. Phys. 

JETP 11, 573). 

Berger, M.J. (1963) Methods in Computational Physics, Vol. 1 

(Academic Press, New York, 1963). 

Braginski, S.I. (1965) Reviews of Plasma Physics, M.A. Leontovich, 

Editor, Vol. 1 (Consultants Bureau, New York, 1965). 

Chandler, W.P. (1975) UCRL 52009. 

Halbleib, J.A. Sr. and Vandevender, W.H. (1975) IEEE, NS-22, 23S6. 

Nardi, E. and Zinaaon, Z. (1977) to be published. 

Pashinin, P. and Yonas, G. (1976) Nucl. Fusion 16, 875. 

Richtaiyer, R.D. and Morton, K.W. (1967) Difference Methods for Initial-

Value Problems, Interscience, N.Y. (1967). 

Spencer, l.V. (1959) National Bureau of Standards, Monograph 1 (U.S. 

Government Printing Office, Washington 25, D.C.). 

Yonas, G., Poukey, J.W., Prestwich, K.R., Freeman, J.R., Toepfer, A.J. 

and Clauser, M.J. (1974) Nuclear Fusion 14, 731. 

Zinamon, Z., Miller, S., Nardi, E. and Peleg, E. (1975). Proc. Inter. 

Top. Conf. on Elec. Beam Res. and Tech., Nov. 1975, Albuquerque, 

N.M., G. Yonas, Editor, p. 99. 

Zinanon, Z., Nardi, E. and Peleg, E. (1975) Phys. Rev. Lett. 34, 1262. 



12 

Figure Captions 

Figure 1: Penetration of magnetic field into target; (a) 3ns after 

start •-,:" pulse; (b) 7ns after start of pulse. Shaded 

area gives initial position of target. Beam is incident 

from the right. 

Figure 2; Electron energy deposition in target 3ns after start of 

pulse with and without magnetic field penetration. 

Shaded area gives initial position of target. Bean is 

incident from the right. 

Figure 3: Electron energy deposition in target 7ns after start of 

pulse with and without magnetic field penetration. 

Shaded area gives initial position of target. Beam is 

incident from the right. 

Figure 4: Temperature profile of target after 3 ns with and without 

magnetic field penetration. Shaded area gives initial 

position of target. Bean is incident from the right. 

Figure 5: Temperature profile of target after 7ns with and without 

magnetic field penetration. Shaded area gives initial 

position of the target. Bean is incident fron the right. 

Figure 6: Target expansion as a function of tie;, with and 

without magnetic field penetration. 
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