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IAEC - Foreword

Foreword

Gideon Frank
Director General

Israel AEC

The 1997 Annual Report is published in a special year

for Israel, marking the 50th anniversary of its independence

and statehood. From its inception, and the election of a

distinguished scientist as its first president, Israel has

regarded science and technology as a central pillar for future

development and a lever for improved quality of life of its

people. The Israel Atomic Energy Commission, which will

be celebrating its own anniversary in a few years, has made

a modest but significant contribution to the establishment

and growth of the technological infrastructure of the

country.

The first article in this Annual Report focuses

attention on yet another aspect of our continuing

investigation of the basic properties of technologically

interesting and important materials, presented in our 1994

and 1996 Annual Reports. The current entry describes an

application of the nuclear Time Differential Perturbed

Angular Correlation technique to the study of the structure

and properties of metal-hydrogen compounds, of potential

interest within the framework of future, environmentally

attractive hydrogen-burning energy systems, and in fusion

power reactors.

The second article also relates to some basic aspects

of nuclear fusion. A theoretical study of the behavior and

properties of laser-generated hot plasmas resulted in the

proposal of a new confinement scheme, in which a plasma

generated by circularly polarized laser light is confined in a

miniature magnetic bottle created by magnetic fields

induced in the plasma by the same light. The paper

discusses the conditions under which such confinement and
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ensuing energy gain may be achieved. Measurements of

actual axial magnetic fields generated in plasma by intense

circularly polarized laser light are also reported.

The third report describes one of our ongoing efforts

to improve and streamline the techniques and procedures

used in medical applications of radioisotopes. Replacement

of the customary ' I solutions for radioisotope diagnostics

and therapy by individually calibrated, rapidly dissolving

capsules, resulted in better dose control and reduced patient

and personnel exposures.

The non-nuclear aspect of our work is represented this

year by the fourth paper, which deals with the utilization of

our plasma physics expertise in the development and

parametric studies of advanced Hall thrusters for space

applications. An interesting outcome of this work was the

discovery of the dependence of the electrical characteristics

and performance of the thruster on the material its chamber

is made of.

Finally, I would like to commend once again the

authors of the selected presentations as well as the entire

staff of the Israel Atomic Lnergy Commission for their

continued efforts, contributions and achievements and to

wish them all manv more vears of fruitful endeavors.
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The ZrCo-hydrogen system was studied by applying

X-ray diffraction and TDPAC techniques. The X-ray

diffraction revealed the crystallographic structure of ZrCo

and ZrCoH3 to be cubic and orthorhombic, respectively.

TDPAC measurements were performed on the ZrCoHx

system as a function of the hydrogen-to-metal-composition

ratio, X. The results indicated that, as hydrogen is

introduced into the system, the orthorhombic phase is

created locally and its fraction in the system increases

linearly with X.

The measured values of the principal component of

the electric field gradient Vzz and the asymmetry parameter

T) agree well with the predicted values obtained from the

first principles calculation using the WIEN95 code.

TDPAC
Studies of
Metallic -
Hydrogen
Systems

Z. Berant, I- Yaar, Z.
Gavra, Y. Levitin, G.

Kimmel, D. Cohen, S.
Kahane and M. H.

Mintz

/. Summary

Certain metals and metallic compounds have the

capability to store hydrogen at a high capacity. Potential

applications of this capability have attracted considerable

scientific interest which led to studies aimed at the

characterization of the systems that exhibit it. In the last few

years we have made a considerable research effort in

investigating metallic-hydrogen systems like Hf-hydride'!),

LaNij-hydrogen'2', ZrCo-hydrogen|3) and HfCo-hydrogen(4).

The Time-Differential Perturbed Angular Correlation

(TDPAC) technique was applied to investigate these

systems using the radioactive isotope l8lTa as the probe
1 Q I

nucleus. Each Ta nucleus probes its neighborhood via the

hyperfine interaction, which in our case is between the

quadrupole moment of the nuclear excited level in l8lTa

2. Introduction
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and the crystalline electric field gradient (EFG).

The TDPAC method is briefly described below in a

semi-classical picture. Its application is demonstrated by

presenting the results obtained for the ZrCo-hydride system.

The experimental results are compared with theoretical

calculations using the full potential linearized-augmented

plane wave (LAPW) method.

3. The TDPAC method T h e T D P A C method uses radioactive nuclei as local

probes in the solid. The environment surrounding the probe

nuclei is investigated via the hyperfine interaction between

the quadrupole moment Q (or magnetic moment) of the

excited level of the probe nuclei and the EFG (or magnetic

field) which is due to nonsymmetrical distribution of the

environment charge. The present work deals only with the

electric interaction.

The commonly used radioactive isotopes for TDPAC

measurements are "'in and l81Hf which decay to the probe

nuclei l uCd and l81Ta, respectively. In the present work

Ta is used as a probe. The parent nuclei Hf can be

produced easily in the IRR-2 reactor at NRCN by the

reaction l8nHf(n, Y)l8lHf.

A partial decay scheme of I8IH^S) is shown in Figure
l o 1

1. The parent nucleus Hf has a relatively long half life of

42.4 days and measurements are performed during a few

half-lives, allowing the samples, like polycrystalline ZrCo,

to be prepared and doped with radioactive Hf and the

measurements to be conducted.

1AEC - Annual Report 1997
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615keV, ^,.,=17.

133keV

482, x,,2=10.8ns, Q=2.38b

482keV

Fig. 1: Partial decay scheme of
""/// xm is (lie half-life of the
level and Q is its quadrupole
moment.

The TDPAC method utilizes the fact that the emission

probability of a photon from an excited level depends on the

angle between the photon direction and the spin of the level.

Usually, in a radioactive source, the spins of the excited

nuclei are randomly oriented: thus, the emitted photons

have no preferred direction and the angular distribution of

the emitted photons is isotropic. However, for excited

nuclei decaying in cascade and emitting successively two

gamma rays, yi and 72 (see Fig. 1)(6), this isotropy can be

removed.

As shown in Figure. 2(a), detector 1 is placed at a

fixed direction detecting y\. This defines an ensemble of

nuclei with spins that are oriented along this fixed direction.

The emission probability of 72 from this defined ensemble is

usually anisotropic with respect to the emission direction of

Yi. Experimentally, this is achieved by setting up a

two-detector coincidence system and measuring the 71-72

coincidence count rate N as a function of the angle 9

IAEC - Annual Report 1997
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between 71 and 72 directions (Fig. 2(a)). In the absence of an

EFG the emission probability at an angle 8 of 72 with

respect to 71 is given by the first order angular correlation

function

(1)

where the coefficient A22 depends on the spin sequence of

the 7 - 7 cascade (for m Ta: l /T - 5/2+ - 7/2", A22 = -0.28).

multipolarities and mixing ratios of the 7 transitions, and

P2(cos0) is the second order Legendre polynomial.

In a TDPAC experiment the coincidence count rate N

of 71 - 7; is measured at a fixed angle 8 and

N(#) = w(0)e"/l, where e'M is the exponential decay of the

intermediate level with decay constant X = ln(2)/ x 1,2 (Ti 2 is

the half-life of the 482keV level). Figures 2(b) and 2(c)

show schematically the coincidence count rate N as a

function of time t. in the absence of EFG, for fixed angles 8

= 180° and 90°, respectively. As seen in these figures, the

intensity of the count rate N (the time spectrum) depends on

the angle 8 between the detectors, because of the angular

dependence of the emission probability (defined in

expression 1). When the hyperfine interaction is switched

on (for example, by doping the probe nuclei into a noncubic

lattice), the EFG, which is not longer zero, exerts a torque

on the quadrupole moment. This causes a precession of the

nuclear spin'61. Therefore, the intensity of 72 observed by

IAEC - Annual Report 1997
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radioactive source

90 dce. N

-

180 dcg

Time

Fig. 2: A schematic description of
the perturbed angular correlation
(1\ is the coincidence count rate,
see text).

(d)

detector 2 varies according to the spin precession, as shown

in Figure 2(d). Namely, the hyperfine interaction leads to a

modulation of the time dependent spectrum. The

dependence of the coincidence count rate N on time is given

by:

(2)

IAEC - Annual Report 1997
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where w(9,t) is the time-dependent perturbed angular

correlation and G2(t) is the perturbation factor. The general

form of the perturbation factor for polycrystalline samples

is:

(3) w(8,t) = l + A22G2(t)p2(cos9)

(4) G2(t)

where

(5) G'2(t) = a20

In a polycrystalline sample several different

interactions may exit as a result of various causes like

coexistence of several phases, impurities or defects.

Thus G 2 is the perturbation factor of the fraction r, of probe

nuclei experiencing the i's EFG. a2n are calculable factors

depending on the nuclear spin I of the intermediate level

(1=5/2+ for l81Ta) and the asymmetry parameter T|i The 8j is

the relative width of ionj, for 1=5/2+ and n=3.

The definitions of r\, and am are

V' - V'
(6) rj, = • "

V.zz

where V x̂, V^andV^are the x, y and z components of the

i's EFG. Usually the EFG is described by its principal

component Vzz and the asymmetry parameter T|.

(7) <om =cnicni)<oQ

41(21-
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where cn/r7/y)are calculable frequency factors that depend

only on the asymmetry parameter T)j, e is the electron

charge and Q is the quadrupole moment of the I=5/2+ level.

It is common practice to define the ratio R(t) as

(9) R(t) = 2
N(180°,t)-N(90°,t)

N(180°,t) + 2N(90o,t)

By substituting equations 2 and 3 into equation 9, the

exponential part is eliminated and expression 9 is reduced

to expression 10

(10) R(t) = A22G2(t)

The function R(t) is usually denoted as the

experimental TDPAC spectrum and is fitted to the

theoretical function G2(t). The result of the fit are the values

, Vzzand8.

The polycrystalline ZrCo was obtained commercially

and doped with lw% radioactive Hf. The Hf activity was

obtained by irradiating natural Hf producing ~30u.Ci of
181 Hf. The sample was annealed at 900°C in vacuum for one

week. The crystallographic structure and lattice parameters

were determined by X-ray diffraction. The result indicated a

single cubic CICs-type (space group Pm 3 m) phasel7) with

lattice parameter a=3.201(5) A. The sample was then placed

in an evacuated reactor where it was outgassed for several

hours at 250°C in high vacuum. After cooling to 25°C,

purified hydrogen gas of a measured volume and known

pressure was admitted into the reactor. The sample went

through ten hydriding-dehydriding cycles and was

hydrogenated to different hydrogen composition ratios X

4. Experimental and
results

IAEC - Annual Report 1997
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Table I. Number of positions,
Wyckoff notation, point symmetry
and atomic position in the ZrCoH,
structure.

(= H/ZrCo) at 25°C. The X-ray powder diffraction pattern

of the hydride phase ZrCoH^ was measured and showed a

single orthorhombic HjNiZr-type (space group Cmcm)

phase18' ' with lattice parameters a = 3.527(5)A, b =

10.463(5)A, c = 4.343(5)A. The atomic positions for Zr and

Co evaluated from the measured intensities are given in

Table 1.

Atom

Zr

Co

*H(1)

*H(2)

Number of
positions

4

4

4

8

Wyckoff
notation

c

c

c

f

Point
Symmetry

m2m

m2m

in 2 m

M

Position from
( 0 , 0 . 0 ) . ( ' 2 , ' 2 . 0 )

( 0,0.135,0.25 )
( 0. 0.865, 0.75 )
( 0.0.4^8.0.25 )
( 0. 0.572. 0.75 )
( 0. 0.947. 0.25 )
( 0. 0.053. 0.75 )

( 0. 0.292. 0.508 )
( 0, 0.708. 0.008 )
( 0. 0.292, 0.992 )
( 0. 0.708, 0.492 )

* Atomic position obtained from ref. 8.

The atomic positions of the hydrogen atom were

obtained from the work of Peterson and Sadana'81. The

TDPAC setup contained three BaFi detectors positioned at

180° and 90° with respect to each other. The electronic

coincidence system was a conventional Fast-Slow setup.

The TDPAC measurements of the ZrCo-Hydride systems

were carried out at room temperature for various values of

composition ratios 0 < H/ZrCo < 3. Figure 3 presents some

of the typical TDPAC spectra for X = 0. 1.8 and 3.
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1.0-

0.8-
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0.8-
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0.2-

0.0-

-0.2'

X = 1.8

(b)

X = 3

0 10 20 30 40

TIME (nsec)

50

Fig. 3: DTP AC spectra of
Hf-doped ZrCoHxfor different X
values

Since ZrCo has a crystallographic cubic structure, the
ISI

Ta probe nuclei, which replace the Zr atoms, should see a

symmetric charge distribution, namely, the EFG=0 at the Ta

site. Therefore, it is expected that G?(t) = 1 and the TDPAC

spectrum, namely, the ratio R(t) should be a straight

horizontal line. The spectrum for ZrCo exhibited in figure

3(a) shows some deviation from horizontal line. The solid

line is the best fit obtained by using a single small relaxing

EFG with the parameters V7Z= 7.7±0.2 1016 V/cm2 and r| =

0.4±0.1. This result may indicate that small imperfections or

defects exist in the polycrystalline ZrCo sample which are

not observed in the X-ray diffraction but are detected by the

more sensitive TDPAC measurement.

IAEC - Annual Report 1997
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Fig. 4. The fraction of probe
nuclei f experiencing the EFG as a
function of the hydrogen
composition ratio X.

As hydrogen is added to the ZrCo system, the ratio

R(t) exhibits a time-dependent behavior as shown in

Figures. 3(b) and (c) for X = 1.8 and 3.0, respectively. The

solid lines are the best fits using equation 4. The results of

the fit show that a fraction of the probe nuclei experience an

EFG and the other fraction remain in the cubic

environment.

The TDPAC spectra were obtained for 0.25 < X < 3.

It was found that to fit all.the spectra, the use of a single

EFG and introduction of an unperturbed term were

sufficient. The results of the fits indicate that, independent

of X, all the probe nuclei 'see' the same EFG. The values

obtained for this EFG are Vzz = (6.07±0.l5) 1017 V/cm2,

Ti = 0.63±0.04 and 5 = 0.17±0.02. It was found that only the

parameter f (fraction of probe nuclei experiencing this V/y)

is dependent on X. The parameter f is depicted in Figure 4

as a function of the hydrogen composition ratio X.

100-

80

60

' 40-

20-

0-

o o

0.0 0.5 1.0 2.0 2.5 3.0

X

The solid line in this figure is the linear fit to the data

points and shows that the fraction f increases linearly with

X. This result indicates that, as hydrogen is added to the

IAEC-Annual Report 1997
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system, Z1C0H3 is formed locally. This fraction increases

with X.

The electric hyperfine interaction is determined by the

interaction between the nuclear Q moment and the principal

component of the EFG, Vzz. The EFG is defined as the

second derivative of the electrostatic potential. This

potential is due to all the electronic and nuclear charges and

when it is expanded in an LM representation, only the L = 2

term contributes to the second derivative and thus to the

EFG.

The general expression for the principal component of

theEFG(10)is

(12)
0)

dr

where P2(cos0) is the second order Legendre polynomial

and p(r) is the total charge density of the system. p(r) has to

be calculated in order to obtain the EFG. Since the EFG is

sensitive to small changes in the charge distribution,

especially near the nucleus, an accurate calculation is

needed to determine the crystalline charge density in order

to obtain reliable EFG's. This goal was achieved by using

the WIEN95 code developed by Blaha, Schwarz and

Sorantinlll).

The code uses the LAPW method for calculating

electronic structure for crystals using the local spin density

approximation within density function theory*12). With this

method the Kohn-Sham(l2) equation is solved for a many

electron system by dividing the unit cell into (a)

non-overlapping atomic spheres (centered at the atom sites)

and (b) an interstitial region. As a result of the calculation

5. LAPWcalculations

IAEC - Annual Report 1997
11



IAEC - TDPAC Studies of Metallic - Hydrogen System

the total energy, charge densities, eigenvalues and EFG at

the nuclear sites are obtained.

This code was applied to the ZrCoH3 system using the

lattice parameter from the X-ray diffraction measurement

and the atomic positions given in Table 1. Figure 5 shows

the calculated electronic charge distribution of ZrCoH} in

the (0 0 4) plane. The charge density at the atomic position

of the Zr, Co and Hc (Wyckoff notation) are shown in the

figure. The EFG is determined by the aspherical electron

density distribution of the valence electrons and the

deduced EFG components are given in Table 2 for Zr, Co,

Hc and Ht.

Table 2: Calculated values for the
EFG components and r\ at the
atomic positions in ZrCoH, using
the W1EN95 code and the
experimental results.

Element

Zr

Co

H,

H,

Vxx(cal.)
V.'cnr

0.765 10'7

1.410 10'7

-0.105 l ( ) r

0.507 K)'7

Vvv(cal.)
V/cnr

5.419 1 0 r

0.309 10'7

-0.453 10'7

0.277 IOn

V,,(cal.)
V/cnr

-6.184 10'7

-1.720 I0'7

0.557 10 n

-0.106 1 0 r

n(cal.)

0.753

0.640

0.624

0.238

V^lexp)
V/cnr

6.07±0.15 1()'7

r](exp.)

0.63±0.04

Comparison between the calculation and the

experimental results given in Table 2 indicate that the

absolute value of the EFG component V/Xexp.) and r|(exp.)

agree well with the calculation for Zr atom. The theory

predicts a negative sign for Vzz, but the experiment is not

sign-sensitive (see equation 5). This agreement indicates

that the doped Hf atoms replace the Zr atoms in the

lattice and that the Hf impurity in the crystal hardly affects

the EFG at the atom site.

IAEC - Annual Report 1997
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0.0
0.0 0.5 1.0

x (unit cell)

The ZrCo-hydrogen system was studied by applying

X-ray diffraction and TDPAC techniques. The X-ray

diffraction revealed that ZrCo has the cubic CICs-type

phase and that when introducing hydrogen, its phase

changes to the orthorhombic

TDPAC measurements were performed as a function

of hydrogen composition ration X. The results indicate that

as hydrogen is introduced into the system, the orthorhombic

phase is created locally and its fraction in the system

increases linearly with X.

The measured values of Vzz and T| coincide with the

predicted values obtained from first principle's LAPW

calculation using the WIEN95 code. The electronic charge

distribution that contributes to the EFG is obtained in these

calculations and adds to the understanding of the origin of

the EFG.

Fig. 5: Total electronic charge
density ofZrCoH, in the (0 0 4)
plane

6. Conclusions

IAEC - Annual Report 1997
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111 III
IL9906631

A new concept ui nui piasma confinement in a

miniature magnetic bottle induced by circularly polarized

laser light is suggested. Magnetic fields generated by

circularly polarized laser light may be of the order of

megagauss, depending on the laser intensity. In this

configuration the circularly polarized light is used to obtain

confinement of a plasma contained in a good conductor

vessel. The confinement in this scheme is supported by the

magnetic forces. The Lawson criterion for a DT plasma

might be achieved for number density n = 5-1O2' cm"3 and

confinement time x = 20 ns. The laser and plasma

parameters required to obtain an energetic gain are

calculated. Experiments and preliminary calculations were

performed to study the feasibility of the above scheme.

Measurements of the axial magnetic field induced by

circularly polarized laser light, the so called inverse Faraday

effect, and of the absorption of circularly polarized laser

light in plasma, are reported. The experiments were

performed with a circularly polarized Nd:YAG laser,

having a wavelength of 1.06 urn and a pulse duration of 7

ns, in a range of irradiances from 109 to 1014 W/cm2. Axial

magnetic fields from 500 Gauss to 2 megagauss were

measured. Up to 5-1013 W/cm3 the results are in agreement

with a nonlinear model of the inverse Faraday effect

dominated by the ponderomotive force. For the laser

irradiance studied here, 9-1013 - 2.5-1014 W/cm2, the

absorption of circularly polarized light was 14% higher

relative to the absorption of linear polarized light.

Miniature
Magnetic

Bottle
Confined by
Circularly
Polarized

Laser Light
and

Measurements
of the Inverse

Faraday Effect
in Plasmas

S. Eliezer, Y. Paiss,
Y. Horovitz and

Z. Hen is,

\. Summary
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2. Introduction
Nuclear fusion energy is the energy source of our

universe. It is the origin of energy in our sun and in the

stars. One of the advantages of using thermonuclear fusion

of light nuclei as a source of energy lies in the fact that a

small investment in the kinetic energy of the ions (-10 keV

per ion) can induce an output of ~ 10 MeV per reaction.

Among the possible nuclear reactions, the first candidate for

fusion development relies on D + T = n + a +17.6 MeV,

because it requires the smallest investment of energy per ion

and provides the greatest energy amplification. The nuclear

fusion reaction of DT yields, per unit mass, eight times

more energy than nuclear fission of uranium and more than

a million times in comparison with the fossil fuels. The

main question is how to use the nuclear fusion energy on

our planet in a controllable way.

Two different schemes for controlled nuclear fusion

have been investigated during the past 40 years:

1. Magnetic Fusion Energy (MFE), based on high
intensity magnetic fields (several Tesla) confining
low density (~ 1014 cm3) plasmas for long times
(10 s).

2. Inertia! Fusion Energy (IFE), based on rapid heating
and compressing the fusion fuel contained in a
spherical target of several mm diameter. At densities
of approximately 1000 times liquid DT (~ 200 g/cm3)
and temperatures around 5 keV, the fusion reaction
occurs efficiently before the plasma pellet
disassembles.

The MFE approach uses strong magnetic fields to

hold the plasma in a vessel without reaching the walls. The

confined plasma is heated by several complementary

methods: Ohmic heating, electromagnetic wave heating and

IAEC-Annual Report 1997
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beams heating. These studies required the development of

sources for very high magnetic fields, large volume

superconducting magnets, intense energetic neutral beams,

vacuum and surface technique, and high power

radio-frequency sources spanning a wide range of

frequencies. The 40 years of effort led to significant

progress with a number of magnetic confinement concepts.

The most successful concept has been the Tokamak, first

reported in 1967. The containment parameter, the product

of density, confinement time and temperature, has been

increased 400,000 times since the first experimental

tokamak. Devices for magnetic confinement have been built

in Russia, the United States, Japan, England, Germany,

France, Italy and Canada. Significant advances have come

from the TFTR at Princeton in the USA, the Joint European

Torus (JET) at Culham in England, the JT-60 at Tokaimura

in Japan and the T-15 in Moscow, Russia. Today's large

plasma experiments can handle tritium and produce some

10 megawatts of power. The fusion containment parameter

must be increased fivefold in order to achieve nuclear

ignition.

There is an international plan - the USA, Russia,

Japan and the European Community - to build a torus called

ITER (at an estimated cost of the order of 10 billion

dollars). It is a plasma burning experiment in the

engineering phase, which will finally ignite to produce

some energy in excess of that put into it. The estimated

price for ITER calls into question whether fusion based on

tokamak-like technology can ever be developed. Factors of

a few, or maybe ten at most, in any parameter such as size,

neutron wall loading, and so forth are about all that one

can seek in optimizing a tokamak system.
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While research seeking to reduce the ITER-like system size

by tactors of a few is extremely important and needs to be

pursued, we believe that the breakthrough that allows fusion

to be developed in a more timely and affordable manner

will require a qualitatively different and significant

departure from the MFE tokamak regime and technology.

The second conventional approach to fusion, the IFE

scheme, uses a large number of laser beams to compress

and heat a solid material. The laser energy is absorbed by

the outer periphery of the plasma and transported inwards to

the pellet. Due to the strong heating of matter in the

absorption region, high ablation pressure is exerted on the

spherical target, which leads to the formation of intense

shock waves, moving into the interior of the target and

compressing the nuclear fuel. Densities of 600 g/cm were

obtained at Osaka in Japan by compressing a plastic pellet,

and a yield of 2-1013 neutrons was obtained in the USA by

compressing and heating a DT pellet.

For a laser to ignite a DT pellet, the containment

parameter (density x temperature x confinement time) must

be increased by a factor of 60. Current calculations and

extrapolation from experimental results indicate that a few

ns laser pulse of 1.8 MJ is required to demonstrate fusion

ignition and a moderate net energy gain1". The cost of

developing IFE is also high. The price of the National

Ignition Facility (NIF), which is being built in the USA and

will demonstrate ignition, is over 1 billion dollars. The

anticipated cost of developing efficient inertial fusion

drivers such as ion beams is also high121.

In this report a new hybrid concept which involves

both magnetic and inertial confinement is presented'3 4). A
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miniature "magnetic bottle", induced by high power

circularly polarized light, is suggested.

An alternative approach to thermonuclear fusion,

which uses elements of both the tokamak and inertial fusion

concepts, was sought for many years and was already

proposed by Sakharov in the former Soviet Union in the

1940's. He considered creating a high temperature DT

plasma in a strong magnetic field so that the charged ions

and electrons were "stuck" to magnetic field lines, as in a

tokamak. The hot magnetized plasma would then be

imploded by an external force as in the IFE scheme. The

implosion would heat and compress the relatively dense

plasma and the strong magnetic field would help capture the

energetic a particles produced during the fusion events.

Since Sakharov's idea, many examples can be found in the

magnetic fusion literature showing that fusion reactions can

be created in smaller-sized systems if one admits a larger

magnetic field, higher plasma density, and pulsed operation

as with imploding liners (>9). The most interesting regime of

density is n ~ 1020 cm"3, which is high compared with MFE,

but low compared with IFE. This density regime at 10 keV

temperature corresponds to megabars of pressure (millions

of atmospheres), which is intrinsically pulsed in nature.

This intermediate density regime is called Magnetized

Target Fusion (MTF). The name was chosen on the basis of

two general characteristics: (i) as with IFE, PdV work heats

the fuel by compressing it inside an imploding wall, or

pusher; and (ii) a magnetic field is embedded in the fuel to

insulate it from the pusher.

An example of the above approach is the magnetically

driven imploding liner method for MTF. In the liner
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Approach, fuel with an embedded magnetic field would be

preheated and positioned inside a volume of centimeter

dimensions, which is surrounded by a thin metal shell (or

liner) that will act as the pusher. A current introduced on the

outer surface of the liner would cause it to implode by

self-pinching magnetic forces at a velocity of- 106 cm/s. At

peak compression a significant fraction of the liner kinetic

energy would be converted to thermal energy of the fuel

and the final fuel density and temperature would be

designed to give significant fusion energy generation.

Another hybrid scheme of inertial and magnetic

confinement, using lasers as the driver, has been

proposed1'0"13'. A plasma with a density of the order of 1021

cm"3 can be confined by the inertia of a heavy metallic

container while its heat is insulated by a self-generated

magnetic field of the order of 1 MG. The basic structure of

the plasma container consists of a metallic shell coated from

inside with a solid DT fuel. Plasma is produced by ablation

of the solid fuel caused by an injected laser beam through a

hole. The laser creates a toroidal magnetic field as a result

of the current loop produced by the ejected hot electrons, a

Vn x VT process. The inertial confinement time is

increased by a reduction of the sound speed, partly from the

larger atomic mass of the shell and partly by the reduction

of the shell temperature due to the thermal insulation of the

magnetic field.

The new concept presented in this report relies on

megagauss magnetic field generation by circularly polarized

laser light (CPLL)13"4'. The generation of axial magnetic

fields by CPLL, the so called inverse Faraday effect, is

described in section 3. A description of the mini magnetic
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bottle is given in section 4. Measurements of the inverse

Faraday effect in a range of five orders of magnitude of

laser intensities, 109 to 1014 W/cm2, are reported in section

5. The experiments were performed by irradiating a planar

aluminum target by a circularly polarized Nd:YAG high

power laser, with a wavelength of 1.06 u\m and a pulse

duration of 7 ns, in a range of irradiances from 109 to 1014

W/cm2. Axial magnetic fields from 500 Gauss up to 2

megagauss were measured. Measurements of the absorption

of CPLL light in plasma are described in section 6.

Large (megagauss) magnetic fields are produced by

laser plasma interaction when a high irradiance laser pulse

is focused on a solid target. The relevance of these magnetic

fields to inertial confinement fusion depends on the

numerous ways in which they affect the laser plasma

interaction and the resulting plasma. Many theoretical

studies have dealt with a variety of generation mechanisms
<l4> and with the associated transport and instability

phenomena. One of the most studied processes inducing

self-generated magnetic fields in laser plasma interaction is

the VnxVT mechanism115', which creates a toroidal

magnetic field as a result of the current loop produced by

the ejected hot electrons.

Recently the production of an axial magnetic field by

circularly polarized laser light interaction with plasma, the

inverse Faraday effect, is of much interest. A schematic

description of this effect is shown in Figure 1. The

investigation of this topic is motivated by innovative

approaches to inertial fusion, such as the concept of fast

3. Magnetic fields
induced by
circularly polarized
laser light
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Fig. I: The inverse Faraday effect
in plasma.

CIRCULAR
POLARIZED
LASER BEAM'

\. ' - , / ' CURRE' -. "'

ignition (l6) and the scheme of the miniature magnetic bottle

which is presented here( ~4). The idea of fast ignition for the

direct drive implosion is that a capsule is first imploded as

in the conventional approach to inertial fusion to assemble a

high-density fuel configuration. Second, a hole is bored

through the capsule corona composed of ablated material, as

the critical density is pushed close to the high density core

of the capsule by the ponderomotive force associated with

the high intensity laser light. Finally, the fuel is ignited by

suprathermal electrons, produced in the high intensity laser

plasma interactions, which then propagate from critical

density to this high-density core. This scheme may

drastically reduce the difficulty of uniform compression.

One of the boring schemes suggested lately is CPLL(17"I8).

In this scheme, an ultra intense magnetic field as large as

hundreds of MG for relativistic laser intensities is

obtainable in an overdense plasma where the wave can

propagate owing to the induced transparency*17), boring a

much deeper hole. For example, at an intensity of

approximately 1019 W/cm2, the cutoff density of the plasma

is increased by a factor of 3.
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The inverse Faraday effect was treated theoretically

by different models , involving the solution of the Maxwell

equation for light propagat ing in plasma, at various levels of

approximation.

The dispersion relation of a circularly polarized wave

was obtained from the magnetic dipoles related to the

circular motion of single electrons'1 9 ' . The axial magnetic

field induced by C P L L was estimated using a classical

single plasma model '3"4 2 0 ' . Recently the magnet ic field

generation was calculated in a self-consistent way,

considering two sources. One source is related to the

circular motion of single electrons in the wave , which is

equivalent to a magnetic dipole. The second source is

related to the inhomogenei ty of both the electron density

and the intensity of the laser beam. The calculations in

references 3 and 17 show that the magnetic field is

proportional to the laser irradiance:

B 1 e E o , CO2 L2 r2 r2

(1) i " = ( ^ t ) (7 iK 1 + - fTTT)( (9
2

mtoc

mew 1.07 -108

(2) Bc [Gauss] = = — -
e A(^m)

Eo
 2 = 4 71 Io / c, is the electric field of the laser, Io is

the peak intensity, CO is the laser frequency, m and e are the

electron mass and charge, respectively, c is the light

velocity, La and Ln describe the laser and plasma

profiles: E(r) = E0-exp(-r2/La
2), n(r) = no-exp(-r2/Ln

2), and

top = (47moe /m)1 is the classical plasma frequency at the

center of the plasma distribution. The effect described by

eq.l is called the linear inverse Faraday effect.
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An additional mechanism for the axial magnetic field

generation is by the ponderomotive force'2". This effect is

called the nonlinear inverse Faraday effect. The

ponderomotive force resulting from the inhomogeneity of

the laser is the low frequency part of the Lorentz force and

is proportional to grad (E ) in the classical regime and to

grad(y) in the relativistic regime. E is the electric field of

e E •> i

the laser and y = (l + (——)") : . The axial magnetic field

mooc

induced by the ponderomotive force is obtained'2" by

calculating the low frequency component of the magnetic

field, using the continuity equation of a cold plasma, the

relativistic equation of motion and the Maxwell equations.

In the case of a circularly polarized laser this magnetic

field12'1 is given by:

(3) iL =
Bc

y(0) and wp(0) are, respectively, the value of y and the

plasma frequency at the center of the beam. In the

non-relativistic limit this model gives, for Ln » L a :

B to eE r2

(4) — = (—X -)(\-exp(--^)y
B( to mwc L;

In this model the magnetic field is proportional to the

square root of the laser intensity.

The inverse Faraday effect was also studied

experimentally. Axial magnetic fields of the order of 10°

Gauss were detected in non absorbing materials (glasses) at

low laser irradiance of 107 W/cm2 (22). An inverse Faraday

effect of -210"' Gauss was also measured in a low-density

plasma (~ 3-109 cm"3) subjected to MW pulses of circularly
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polarized microwaves( 3). Axial magnetic fields of 16

kGauss induced by the irradiation of aluminum targets with

a Nd:YAG laser at intensities in the range 6.4-1012 W/cm2

were measured recently (24)

The concept of hot plasma confinement in a miniature

magnetic bottle considered here relies on the hybrid use of

inertial and magnetic confinements and megagauss field

generation by CPLL. The schematic structure of the

suggested configuration (see Figure 2) is as follows: a DT

plasma is created inside a cylindrical or a spherical heavy

conductor (or superconductor) shell with a hole. The plasma

is irradiated by an intense circularly polarized laser beam.

4. The mini magnetic
bottle

CPLL

X

The CPLL creates a toroidal current in the plasma due to

the finite size of the laser spot and density gradient in the

plasma. The toroidal current in the plasma induces an axial

Fig. 2: A schematic description of
the mini magnetic bottle scheme.
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magnetic field inside and outside the plasma and also

induces a toroidal current in the walls in the opposite

direction in order to reduce magnetic field penetration into

the wall. This combination creates a magnetic field in the

laser propagation direction near the center of the plasma and

a magnetic field in the opposite direction near the wall.

These magnetic fields are created in addition to the toroidal

magnetic field formed by the Vn x VT mechanism. Both the

axial and the toroidal magnetic fields can be of the order of

megagauss for typical parameters of laser fusion. The

plasma is heated resonantly by the CPLL from a

temperature of ~ 1 keV to ~ 5 keV during a few

nanoseconds. The process of magnetic field formation and

plasma heating by CPLL lasts for a few nanoseconds, until

the laser is turned off. After the laser is turned off, the

plasma and the magnetic field are not in a steady state, and

they go through a dynamic process of evolution. The

plasma expands and exerts pressure on the walls. The

magnetic field lines expand and diffuse both into the walls

and inside the plasma. Also, heat diffuses from the plasma

to the walls.

In order to achieve the Lawson criterion, one has to

maintain a hot plasma at high density for a sufficiently long

time. A zero order approximation for the confinement time

in is the length dimension of the plasma b divided by the

speed of sound C:

(Z+l)kT . b
<5) C < ) !

where Ze and Amp are the ion average charge and mass,

respectively, k is the Boltzmann constant, and T is the

temperature. For example, for b ~ 0.5 mm and sound
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velocities of the order of 107 cm/s, typical at temperatures

required for fusion, one gets in, ~ 1 ns. However as shown

below, the confinement time in the configuration considered

here is longer. The speed of sound in the high mass number

wall is slower than in the DT plasma. Because of this, the

high mass number walls increase the confinement time of

the plasma. An important parameter in the evaluation of the

plasma confinement time is temperature, which determines

the hydrodynamics of the expansion. The lower the

temperature, the slower is the speed of sound and the longer

is the confinement time. The heat conduction can be

reduced by a strong magnetic field. The magnetic field

plays the role of thermal insulator of the walls. However,

the magnetic field diffuses into the walls and, in order to

obtain thermal insulation of the walls, the typical time for

diffusion of the magnetic field must be longer than the

desired confinement time of the plasma. In cases where this

condition is fulfilled, one should require that the typical

time of heat diffusion (in the presence of the magnetic field)

be longer than the desired confinement time of the plasma.

If these two conditions are satisfied, the hydrodynamics of

the inertial confinement time is determined by the cold

metallic walls.

Another phenomenon that might increase the plasma

confinement time is the ablation from the vessel walls. The

plasma heated by the laser is very hot (few keV), and

therefore radiates (bremsstrahlung) toward the walls. This

radiation creates plasma that flows from the walls toward

the center of the vessel, thereby slowing down the hot

plasma expansion. All these effects increase the

confinement time of the plasma.
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In order to calculate the confinement time of the

plasma, the dynamic process of the evolution of the plasma

must be considered. The one-fluid hydrodynamic equations

(conservation of mass, momentum, and energy) describing

the expansion of the plasma in cylindrical coordinates are

(6) a P+I^ ( rp tO = 0
at r ar

,7) 4 * ± + v , a u A ap d(B'
at ar ar

(8)
r P V r l - v ; +W - rk — + rSr

where p is the plasma density, vT is its radial velocity, P is

the plasma pressure, T is the plasma temperature, B is the

magnetic field, £ is the inertia! energy density of the plasma,

W is the appropriate enthalpy, K is the heat conduction

coefficient, and Sr is the radial pointing vector. In equations

(6) - (8) it is assumed that the electric field in the plasma

can be neglected (£"« fi), The space and time development

of the magnetic field can be derived from Maxwell

equations:

(9) — = curl(vxB) + — - V 2 B
3t 4TIO

where c is the speed of light and o is the plasma

electrical conductivity. Equations (6-8) are completed by

the knowledge of the equation of state12'"*1.

(10) P = P(p,T)
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Equations (6) - (9) describe the dynamics of the plasma

expansion toward the wall. We estimate the typical times

that are described by these equations.

Three time scales should be considered in order to

estimate the plasma confinement. First is the diffusion time

(TB) of the magnetic field as described by the second term on

the right-hand side (r.h.s.) of eq. (9). The term on the r.h.s.

describes the expansion of the magnetic lines within the

plasma, and this is given by the hydrodynamic expansion

time (in) to be considered further. From eq. (9) one obtains a

diffusion time of B to a distance 1B:

(ID

where c is the speed of light and the electrical conductivity

a is given by Spitzer's formula:

1 ( T V3'2
(12) n(T) = - — = 1.15-10-|4zlnA — [s]

a(T) I eV I

where z is the plasma degree of ionization and In A~10

for our parameters of interest. ForT = 5 keV, one gets

T]~ 3-10'19 s for a DT plasma. For cold plasmas (T<300 eV),

eq. (12) is not appropriate. For example, for 100 eV,

aluminum plasma experiments give'21' r|~2-10"18 S and for

lower temperatures one receives lower values of r|. Taking

\s ~ 0.5 mm, of the order of the plasma described above,

and of rimax ~ 2*10"' s, one obtains the following from

equation (11):

(13) rB(fjs) >
mm
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For copper walls at room temperature as well as for 5

keV DT plasma, the diffusion time is more than 100 ns for a

scale length of 20 |im. Thus, the magnetic field exists long

enough after the laser is turned off.

The second time scale to be considered is the heat

diffusion time into the wall. The classical heat conduction

of the electrons across the magnetic lines is given by:

( 14 ) K , = ^ p | .
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where pc is the Larmor radius and xe is the typical electron

collision time:

Vr l̂ T - OR

(15) p = —*-; vT =i .coc e me mec

. T3/2

(16) x e = 3.44-10"'—^
nln Ae

The classical heat diffusion time to a distance 1H is

(17 ) T H »
Ke

For a 5-keV plasma, a density of n = 5-1021 cm"3 and a

confinement magnetic field of B = 2 MG, one gets TH = 180

ns or, in general:

The third time scale is the hydrodynamic time. The

plasma pressure creates a shock wave into the vessel. Using

the ideal gas equation of state and assuming Te = T j = T,

the pressure on the wall is
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(19) P = 2nkT

For n = 51021 cm'3 and T = 5 keV, one obtains a pressure of

160 Mbars. The shock wave induced by this pressure moves

inside the vessel with a speed Us and flow velocity Up.

Using the Hugoniot equation of state data126' for a copper

vessel:

(20) Us = 4.007-105+ 1.466 Up

and Hugoniot relation

(21) P = p0U sUp

one gets Up =3.37 x 106 cm/s (for 160 Mbars). Therefore,

the hydrodynamic time is:

where b is the vessel inner radius. For the above example

one obtains Th ~ 15 ns. However, for a better approximation

one has to take into account the plasma formation at the

walls and the expansion toward the hot expanding plasma.

The plasma on the vessel walls is created mainly by the

bremsstrahlung radiation of the hot plasma. This radiation

power is given by:

where n is the plasma density and x is the electron

temperature of the hot plasma. The maximum value of PB is

obtained at a radiation wavelength:

(24) X • • ° ' 6 2

T(eV)
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The irradiance of this radiation on the wall is:

(25)

cm
= P B . ^ l - H = 8.46-10^ , " .)'(—y-(—)

3 ^"uu 102lcm~3 eV cm27ibh

The ablation mass rate of the wall due to this irradiation is
(27.28).

0/3

m,,,
(26)

cm3 s
= 1.5xlO 5

10'
f

4/3

W

cm"

3 / 2 / . N l / 3 ,

A

2z

1.25X104 -
1021cm-3

A

Oft 1

and the temperature of this plasma is :

Tw(eV) = 2700

(27)

I B

10 14 W 2z

2.75 El) [_M (A
102Icm-3 J [ T J [cmj [2z

where n and T are the hot plasma parameters. We define by

r| the ratio of the "wall-plasma" flow to the "hot-plasma"

flow:

(28)

rii H . A/3

= 12.5

N 7 / 6

— A -1/2

nm, cm

Uw is the thermal velocity for the plasma from the

vessel wall, Uj is the thermal velocity of the hot plasma

expanding toward the wall and m; is the ion mass of the hot

plasma. It is interesting to note that T| does not depend on

the plasma temperature but rather on the hot plasma density,

on the wall material (A, Z) and the vessel inner radius b.
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For b = 0.5 mm, n = 51021 cm"3, Z = 29 and A = 63.5

(copper), one gets T| - 0.53. The wall plasma expansion

changes the velocity of expansion of the hot plasma Up, to

an effective speed given by:

(29) vefr=(l-Ti)Up

The hydrodynamic confinement time of the plasma is

changed from eq. (22) to:

(30) x h - X

0-Tl)

For the above set of parameters, one obtains Th -32 ns.

There are three time scales describing the plasma

confinement in this scheme: the magnetic diffusion time, XB

[eq. (13)]; the heat diffusion time, XH [eq. (18)]; and the

inertial confinement time, Xh [eq.(30)]. XH and XB were

calculated consistently with reference 11. Xh is the

hydrodynamic confinement time and therefore determines

the time scale in the change of the plasma density. The hot

plasma applies a mechanical force on the wall of the vessel.

This mechanism is equivalent to a (plasma) piston

impinging on the wall and creating a shock wave through

the wall. Therefore, assuming thai the wall is thick, the

inertial confinement time is determined by the piston

velocity and the dense plasma radius (and not the thickness

of the wall). During the expansion of the "piston" the

plasma density decreases. It turns out that the value of Xh is

the most limiting time scale. For the parameters under

consideration we obtain.

(31) x B >x H >x h ~30ns .
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The Lawson criterion may be fulfilled for 3w CPLL-

created plasma with a density of 5-1021 cm"3 and a

confinement time o f -20 ns.

An economical fusion reactor must satisfy the

"bookkeeping" requirement of:

( 3 2 ) X"' • G , • T|i> • Tlah • l lh • Tlth • Tic- • (|> = 1

where T|D, r|at,, r|h and r)th are the efficiencies of the driver,

the laser absorption, the energy transport from the absorbed

laser to the DT fuel, and the thermodynamic cycle,

respectively; ((> is the fraction of the burned fuel; and r|cc is

an economic factor. G[ is the intrinsic gain defined as the

ratio of the nuclear fusion output to the internal fuel energy,

and x is the fraction of the fuel heated to the fusion

temperature by the driver (without the alpha heating).

Equation (32) should be satisfied for all IFE schemes. The

main differences between ICF (with high compression) and

the present proposal (without compression) are the values of

r|h and x. In our scheme r|h is close to unity, whereas for a

typical IFE it is ~0.1; therefore, the necessary compression

for a spark ignition scheme in IFE (x ~ 0.1) is not required

in our configuration (x ~ 1).

Another advantage of this new configuration is the

strong magnetic field between the plasma and the walls,

which can smooth out the pressure profile on the walls as a

function of time. This last feature can improve significantly

the stability and confinement of the hot plasma. Moreover,

due to the existence of both toroidal and poloidal fields,

many plasma instabilities are reduced.

In the suggested reactor scheme with an electrical

output energy of 100 MJ per pulse and a repetition rate of
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10 Hz (1 GW output electrical power), one needs a laser

with an energy of approximately 3 MJ.

In summary, a new concept of plasma confinement in

a miniature magnetic bottle is suggested. Our scheme uses

CPLL in order to create large magnetic fields inside a good

conductor vessel containing the plasma. The Lawson

criteria for a DT plasma might be satisfied for plasma

densities of the order of 5-1021 cm"3 and a confinement time

of 20 ns.

Two diagnostic methods were used to measure the

axial magnetic field generated by the interaction of a CPLL

with solid targets. At low irradiances (109- 1011 W/cm2) the

axial magnetic field induced by the CPLL was measured

from the voltage signal induced by the magnetic field in an

output coil. The experimental setup is described

schematically in Figure 3.

LASER BEAM
1060 nm

5. Measurements of
the axial magnetic
field induced by
circularly polarized
laser light

350 nm

Fig. 3: Schematic description of
theferrite ring experiment.

FERRITE ji=60&750

The main laser system and the experimental setup

(shown in Figure 4) is based on a Continuum NY-60

Nd:YAG oscillator followed by one triple-passed and one

double-passed amplifier. The laser pulse duration was 7 ns

and the spot diameter was in the range of 150 - 200
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The target was a ring made of ferrite, with a 350 \xm air

gap and a 500 |im - diameter hole drilled through the ferrite.

The laser was irradiated through the hole and created

Fig. 4: The main laser system and
the experimental setup for
measuring the axial magnetic field
with the Faraday rotation
technique.
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a plasma, by ablating the ferrite on the other side of the air

gap. A CPLL-induced toroidal current was created in the

plasma, which generated an axial magnetic field associated

with an appropriate magnetic flux. Due to the high

permeability of the ferrite, this flux penetrated into the

ferrite and the magnetic field lines closed through the ring.

The time derivative of this magnetic flux induced a voltage
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signal in the output coil, which was measured by a GHz

oscilloscope. Calibration was done with a fast pulse

generator, delivering rectangular pulses 10 ns is duration,

with a rise time of 1 ns.

In the calibration experiment the pulse generator was

connected to the ferrite ring through an input coil similar to

the output used in the laser experiments. The magnetic field

generated in the input coil is given by B = -—r j£ c d t ,
NS 0

where B is the magnetic field, £c is the voltage on the coil,

N is the number of the coil loops, S is the cross area of the

ferrite ring and TC is the rise time of the pulse generator. A

calibration curve is obtained by measuring the voltage of

the output signal as a function of the magnetic field.

The output signal measured in an experiment

performed with a laser irradiance of 5-109 W/cm2 is shown

in Figure 5. At this low intensity the ferrite target was

irradiated only by the oscillator (without the amplifiers),

operating at 10 Hz, and the output signal is an average of

104 shots. The focal spot diameter was 200 |im. The

magnetic field measured in this experiment was 455±220

Gauss. A characteristic feature of the inverse Faraday effect

is the change in voltage when a right handed CPLL is

changed to a left handed CPLL. This feature is seen in

Figure 4, which shows that the voltage signal changes sign

when the polarity of the CPLL changes from right to left.

Similar results were obtained at higher intensities, up to

10" W/cm2. The asymmetry in the signals of Figure 5 may

be due to the misalignment in changing from left circular

polarization to right circular polarization and is an estimate

of the errors in the experiment. At higher peak intensities,
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Fig. 5: Typical time profile of the
magnetic induced voltage in the
ferrite ring experiment.

for the geometry of the experiment and assuming a spatial

Gaussian profile of the beam, a plasma is created through

ablation of the walls of the hole in the ferrite, causing a

drastic reduction of the magnetic flux that penetrates into

the ferrite.

I I I I I I I I

I I I I l l l I I I I I I I l l l l l l l | | | | l l l l l l l l

Right handed
CPLJL

l l l t | l l l I | l l i l

(A)

At higher irradiances the axial magnetic field was

measured using the Faraday rotation diagnostic. This

method is based on the rotation of the plane of polarization

of a double frequency (2w) linear polarized probe laser

beam in the presence of a magnetic field. The angle of

rotation is given by:

(33)
r n(cnT3)B(MG)dz(uin)

1021 1 1 -
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where z is the distance along the ray path, L is the plasma

length, B is the magnetic field component along the path, Xp

is the wavelength of the probe beam , n is the density of the

plasma, and ncp is the critical density for the probe beam.

The experimental setup for measuring the axial

magnetic field is shown in Figure 4. The main laser

beam, 7ns, 1.06 urn and intensities in the range of

1012 - 1014 W/cm2 irradiates an aluminum target. In the

irradiance range of5-1013-3.5-1014 W/cm2, the laser focal

spot (diameter) was 100 \\m and the laser energy was

changed from 30 J to approximately 80 J. For lower

irradiances (2-1012- 5-1013 W/cm2), the focal spot diameter

was 200 Jim. These spot dimensions were consistent with

plasma scale lengths as measured with an x-ray pinhole

camera. The 2w probe beam - 5 ns and 5 mJ - propagates

into the plasma collinearly with the main beam, reflects

from the critical surface and then is directed into an

analyzer system which includes two photodiodes, a X/2

plate, a beam splitter and a high contrast polarizer.

The angle of rotation of the polarization of the probe beam,

after propagating through the plasma, is determined by the

ratio of the signals of the two photodiodes and a calibration

curve of the analyzer. The analyzer was calibrated by

reflecting the probe beam from a perfect mirror, located at

the site of the target. A calibration curve was obtained by

rotating the polarizer and measuring the ratio of the signal

of the two photodiodes as a function of the rotation angle of

the polarizer. The calibration curve was in the shape of a

parabola with a very distinct minimum. The minimum angle

that can be measured with this analyzer system is 1° with an
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error of 10%. In the experiments the polarizer was aligned

at an angle corresponding to the minimum of the calibration

curve. The plasma length was measured by a pinhole

camera. The magnetic field was obtained by unfolding the

integral (exp. 33), assuming a linear density profile. The

experiments were performed for both circularly and linearly

polarized light. In the range of intensities 1012 - 5-101'1

W/cnr the plane of polarization of the probe beam did not

rotate in the experiments performed with linearly polarized

laser light (LPLL). The scaling law of the measured axial

magnetic field B is B ~ I ~, (see Figure 6) At higher

intensities, of the order of 3-1014 W/cm2. a sudden increase

of the axial magnetic field beyond the above scaling law is

observed in the experiments performed with CPLL. At these

Fig. 6: The measured axial
magnetic field as a function of the
laser irradiance, the axial
magnetic field calculated by the
linear model (eq. 3) with an
electron density, n,, = Iff' cm'\
the axial magnetic field calculated
by the nonlinear modelfeq. 4) with
an electron density, n,, = IO~' cm''',

i /*t> - * i f / i / 9 - *

/;„ = Itr cm and n,,= 10 cm .

V'11-lllHMI
i] i : i

l a s e r I n t e n s i t y | \ V c m 2 |

high irradiances an axial magnetic field was observed also

in experiments performed with linearly polarized light. The

axial magnetic field in the experiments with LPLL was 30%

lower than that in the experiments performed with CPLL.

Axial magnetic fields created in targets irradiated by LPLL

may be excited by other mechanisms, such as the dynamo

effectu<J) or due to rippled surface irregularities'301. These

mechanisms are excited at large magnetic Reynolds
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numbers (2930), Rm = 2 0 ( a 2 ) 3 ( ^ ) i \ . I is the laser

intensity in units of 1014 W/cm2, X is the wavelength in |U.m,

x is the pulse duration in picoseconds, Z is the charge and A

is the atomic number.

The measured axial magnetic field as a function of the

laser irradiance varying in a range of five orders of

magnitude, measured by the two diagnostic methods

described here, is plotted in Figure 6. The lines plotted in

this figure correspond to theoretical models explained in

section 3. One can see the increase of the magnetic field

with the laser irradiance.

The lower line in Figure 6 displays the axial magnetic

field as function of the laser intensity calculated by eq. (1),

the linear inverse Faraday effect, assuming an electron

density of n0 = 102' cm"3. The three upper lines are

calculations of the magnetic field using eq. (4), the

nonlinear inverse Faraday effect, at electron densities of

1019, 1020 and 1021 cm"3. The experimental results for laser

intensities in the range of 109 - 3-1013 W/cm2 fit well with

the ponderomotive model calculated with an electron

density of 1020 cm"3. At 1014 W/cm2, an increase in the

magnetic field seems to be present and apparently neither

the ponderomotive model i.e., the non-linear inverse

Faraday effect, nor the linear inverse Faraday effect, can

explain our experimental data.

6. Measurements of
In this section measurements of the absorption of , . , ,

the circularly
CPLL in plasmas are reported. As in the experiments , , ,

polarized laser
presented in section 5, the main laser system is based on a r L* i_ *•
v y light absorption in
Nd:YAG oscillator followed by one triple pass and one nlncmn
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double pass amplifier. The laser yields up to 100 J in 7 ns

FWHM pulses focused at the target by a F/5 lens. The

experimental setup for measurements of the laser absorption

is shown in Figure 7.

vacuum chamber

Fig. 7: The experimental setup for
measurements of laser absorption. photodiode

100 J, 7nsec,
T1064nm circular

polarized beam

Nd:glass
double- pass
amplifier

calorimeter

Continuum NY-60

Nd:YAG oscillator

scope

£>Q2
© men

nUMBMBO

5f£ig«

oi&lS"

By introducing a A/4 plate, the laser polarization is

changed from circular to linear. The degree of the linear

polarization is 99.99% (the polarization is determined by

two polarizers, each with a contrast of 100). The quality of

polarization change by the XIA plate is better than 99%, and

therefore the degree of the circular polarization is 99%. An

aluminum target is mounted inside an integration sphere,

which is placed in a vacuum chamber. The incident laser

energy is measured with a calorimeter. The laser absorption

fraction is obtained from the measurement of the total
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energy reflected from the plasma. The radiation generated

by the laser-target interaction is diffusely reflected from the

highly reflective inside surface of the integration sphere and

measured with photodiodes 1 and 2. The use of two

photodiodes allows an increase in the dynamical range of

the detection method. In addition to the measurement of the

total energy reflected from the plasma, the back reflection

of the radiation from the plasma was recorded by

photodiode 3. The dimensions of the plasma were measured

with a pinhole camera. The experiments were performed

with thick aluminum targets. Photodiodes 1 and 2 were

calibrated by measuring the reflected light of the oscillator

NY-60 (1.06 urn, 100 mJ) passing through different filters

to a mirror mounted inside the integration sphere. The

whole calibration laser radiation is reflected from the mirror

to the integration sphere. The measurements were

performed within the linear range of the photodiodes.

Figure 8 displays the measured total and back-

reflected fraction of the CPLL absorption as functions of

the irradiance. Figure 8(b) shows the difference in the

absorption fractions of CPLL and LPLL as a function of the

irradiance. There was an increase of approximately 14+9%

in the absorption fraction for the CPLL case. Experiments

with circular and linear polarization at the same laser

irradiance displayed in Figure 8 were performed one after

the other, in pairs, by introducing the X /4 plate.

It is suggested to describe the enhancement of the

absorption of CPLL in plasma at non-relativistio intensities

by two models: (i) a macroscopic semi-classical model,

based on angular momentum transferred to the plasma

electrons'20'; and (ii) a microscopic model based on resonant
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absorption via the excitation of upper hybrid

oscillations*31"341 induced by the self-generated axial

magnetic field.

A.

Fig. 8: The absorption fraction of
the circularly polarized laser light
CPLL as the function of the laser
intensity at different angles of
incidence.
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According to a semi-classical model, the circularly

polarized photons are presumed to give up a fraction of

their angular momentum to the plasma. A laser pulse of

energy density WL = E /4rt contains angular momentum

density in the laser propagation direction z, L = WL/W. The

angular momentum density of the electrons in the z

direction is Le = -m/erxj • z, where r is the radius of the

electron orbits and J the current density. Replacing

J - (c/4rc) VxB and averaging over the plasma volume,
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an average angular momentum density is obtained, Le =

(mc/47ie) B. Assuming that the angular momentum density

acquired by the electrons is some fraction r\\ of the photon

angular momentum density, and using the scaling law eq.

(1), we obtain the following for the center of the plasma:

This fraction can attain large values, depending on the

laser wavelength and the pulse and plasma profiles.

From solving the equations of propagation of an

electromagnetic wave in plasma in the presence of an

external magnetic field (3I'34) it was shown that the fraction

of laser absorption via excitations of upper hybrid

oscillations could be characterized by two dimensionless

parameters. The parameter x is related to the density

gradient and the angle of incidence 0 of light at the

reflection point,

(35) x = (2KL/X)m s i nG

where L is the density scale length and X is the wavelength

of the laser. The second parameter a is related to both the

density gradient and the magnetic field:

(36) a - {inLTkf* (CO C/W)

X is the laser wavelength and 0)u. = eB/mc.

Figure 9 shows the absorption at oblique incidence as

a function of T and a. The contours of equal absorption

were taken from ref. 31. The points represent the

experimental results reported here. The density scale length

used for calculating x and a was measured in the
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Fig. 9: Contours of equal laser
absorption fraction (%) in a
magnetized plasma calculated in
ref. (31) and our experimental
results as a function of the
parameters x and a (see text).

experiments L = 100 pm. Two sets of experiments were

performed, with 0, = 2° and 8,= 5°. The magnetic field used

in the calculation of o was taken from the experimental

measurements conducted in the region of laser irradiances

of 6xlO12 W/cm' and the extrapolation using the scaling law

of eq. (1). (Because of the small plasma dimension in the

experiments performed at laser irradiances of approximately

101"1 W/cm2, we encountered alignment difficulties in

measuring the inverse Faraday effect.) The experimental

points for the CPLL case in Figure 9 range from 55% to

75%, which is in reasonable agreement with the absorption

fraction measurements. However, these data do not explain

the 14% higher absorption of CPLL in comparison with that

of LPLL. This problem is intrinsic to this "resonant" theory,

which can induce up to 99% absorption without taking into

account the inverse bremsstrahlung absorption.

In summary, measurements of the self-generated axial

magnetic field created by the interaction of CPLL with

plasma at laser irradiances of approximately 10'" W/cm' and

CPLL laser absorption at approximately 10u W/cm2 laser

irradiances were performed. The results show

approximately 14% enhancement of the laser absorption for

CPLL relative to linearly polarized light.
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The two main approaches that are currently being j Conclusions

pursued in controlled thermonuclear fusion, Inertia! Fusion

Energy and Magnetic Fusion Energy, differ by 12 orders of

magnitude in plasma density and confinement time. A new

scheme is presented here the mini magnetic bottle, in which

the plasma density is n ~ 1021 cm'3 and which utilizes the

benefits of both these approaches: a magnetic field to

confine the plasma temperature and a metallic shell to

confine the plasma pressure.

The concept suggested here relies on the hybrid use of

inertial and magnetic confinements and megagauss field

generation by CPLL. The main difference between IFE

(with high compression) and the present proposal (without

compression) is that the necessary compression for a spark

ignition scheme in IFE is not required.

Experiments and calculations were performed to

study the feasibility of the above scheme. Measurements of

the axial magnetic field over 5 orders of magnitude of the

laser irradiance are reported. The scaling law of the axial

magnetic field with the laser irradiance is determined in the

range of 109 - 1014 W/cm2. Axial fields from 500 Gauss up

to 2.17 megagauss were measured. The absorption of CPLL

was measured for the laser irradiance range (9101 - 2.5-1014

W/cm2) and found to be 14% higher than the absorption of

LPLL.

Future studies will be aimed at performing time

dependent calculations of the plasma evolution and of the

energy gain of the above configuration.
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2. Introduction
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Radioiodine (U1I) hard-gelatin capsules are widely

used for the diagnosis and treatment of various thyroid

disorders. Until 1980 radioiodine was supplied by us as a

liquid dosage. This proved to be a rather inconvenient form

since it resulted in inaccurate dosing by the physicians and

caused frequent contamination of the patients and the

hospital personnel. In an attempt to overcome these

problems we have designed and constructed a production

facility for capsules in which '""i is packaged. Because of

the extreme precautions necessary in handling radioactive

compounds, encapsulation of radioactive materials requires

specifically designed production techniques, special

instrumentation and unique quality control procedures that

are not encountered in the standard capsule production

processes in the pharmaceutical industry.

In this account of 13II gelatin capsules production,

problems such as the chemical stabilization of the

radioiodine in the mother solution and the rates of

dissolution and disintegration of the capsules are discussed.

Presented also are highlights of the production process, the

quality control procedures, regulatory issues and marketing.

The thyroid, the largest of the endocrine glands, is

located at the root of the neck at the center of a complicated

vascular network; in adults, its average weight is 20 g. The

thyroid consists of two lobes, one on either side of the

trachea, that are either separated or joined by a narrow

isthmus in front of the trachea. The gland is made up of

clusters of acinar units roughly 200 microns in diameter

which are lined by a single layer of cuboidal parenchymal
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cells and contain stored hormone within their colloid. These

units receive an abundant blood supply as well as

autonomic nerve fibers'".

The functions of the thyroid include the conservation

of iodine, the synthesis of thyroid hormones, their storage

and release into the circulatory system via feedback

mechanisms. The thyroid is the source of two kinds of

hormones. The first kind includes the two thyroid hormones

tetraiodothyronine (T4 or thyroxin) and triiodothyronine (or

T3), which are necessary for normal growth and

metabolism. The second kind includes a single hormone,

calcitonin, which plays an important role in calcium

metabolism'2'31.

The synthesis of thyroid hormones starts with the

oxidation of iodine and the iodination of the tyrosyl groups

of thyroglobulin. Of particular importance in this synthesis

is the efficient and active transport of iodine from the

circulating blood to the gland. Due to this iodine uptake

mechanism, the concentration of iodine in the thyroid is

higher by a factor of 20 to 50 than that in the plasma. This

active and efficient mechanism for iodine uptake is the basis

for treatment with radioactive iodine t3'4).

The term thyrotoxicosis refers to a status

characterized by the formation of a biochemical and

physiological complex that occurs when the tissues are

exposed to excessive quantities of thyroid hormones. The

term thyrotoxicosis is preferred to the term

hyperthyroidism. The latter term is reserved for the usual

instances in which thyrotoxicosis results from

overproduction of hormones by the thyroid gland per se ( H
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Untreated hyperthyroidism is quite dangerous as

evidenced by the reported mortality from this disease

which ranges from 15 to 25%. Compared with the options

of surgery or antithyroid drugs, radioactive iodine has

numerous advantages that make it the preferred method of

therapy in most situations. The achievement of a

permanent remission with a simple dose schedule,

avoidance of surgical, anesthetic and pharmaceutical

risks, and a high degree of safety explains the popularity

of radioactive iodine therapy<6~ \

3. Physiology and
Following absorption into the blood stream, 13II is wdiobiology o ' 3 '

distributed throughout the body in the form of a stable Uptake

iodide. The normal thyroid readily takes up iodide by an

active transport process. Consequently, the I31I accumulates

quickly and efficiently within the thyroid gland. In a single

passage of blood perfusing the gland, approximately 20% of

the 131I is taken up within the gland. Twenty-four hours

after I3II administration, the normal range of thyroidal

uptake is 20 - 40%. Uptake values above 50% may be

indicative of hyperthyroidism, whereas uptake below 10%

indicates hypothyroidism. It should be noted that I3II

accumulation in organs other than the thyroid, such as the

salivary glands'l0)" has been reported.

Factors influencing the uptake of I3II by the thyroid

include age, thyroid volume, renal clearance, the level of

circulating iodide and of various pharmacological agents.

The clearance rate of free 131I by the thyroid is 20 - 50

ml/min under normal conditions, approximately 100 ml/min
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in the case of iodide deficiency and 2 - 5 ml/min in the case

of overloading. Under steady state conditions, iodide

appears in circulation in several forms. Five percent appears

normally as iodide, whereas the other 95% consists of

organic iodine present in molecules like T3 and T4. The

hormones T3 and T4 are transported in the blood, bound to

a protein, an equilibrium exists between the protein; bound

and free forms of T3 and T4 and it is the latter which are

active physiologically at the cellular level110).

When I31I is administered, it is rapidly and efficiently

trapped by the thyroid cells, incorporated into iodoamine

acids, and stored in the colloid of the follicles. After

storage, the liberation of the radioiodine and its products is

slow. When a large dose of radioiodine is used, the beta

radiation originating from 13II in the follicle destroys almost

exclusively the parenchymal cells of the thyroid, with little

or no damage to the surrounding tissues. The ionizing

radiation prevents cell division of metabolically active cells

of non-malignant tissues and also kills some of the thyroid

cells. With time, a slow loss of cells takes place: connective

tissue cells replace active thyroid cells and the tissue is

changed to fibrous connective tissue"".

The purpose of the treatment with I3II is reduction of

the size of the gland, normalization of the undesirable

hyperactive metabolic state and the destruction of

autonomous hormone-secreting nodules"". Low doses are

used mainly for diagnostic purposes, whereas high doses are

given for the ablation of remaining thyroid tissue or

treatment of thyroid cancer that retains iodide uptake

capability.
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The main metabolic site of I3II is the thyroid gland.

Immediately after uptake of the ion takes place, I3II -iodide

is oxidized and iodination of the tyrosyl group of

thyroglobulin occurs. From this step on, 13II becomes a part

of thyroglobulin, which is stored in the lumen of the thyroid

follicle.

In healthy persons, the iodine remains in the thyroid

for about 60 hours. In pregnant women, iodine that

accumulates in the placenta is drawn upon by the fetus. In

the fetal thyroid, depending on the stage of gestation, the

same metabolic process occurs as in the thyroid. The

principal route of I3II clearance from the blood stream is

through the kidney (l2). Iodide is almost completely filtered

by the glomerulus. During its passage through the tubule,

the iodide is subject to passive reabsorption.

The urinary clearance of I31I amounts to about 3% of

the total amount passing through the kidney. In normal

persons this urinary clearance is constant and does not differ

from one person to another. It is affected by various clinical

conditions like renal failure, hypothyroidism or

hyperthyroidism. Therefore, analytical determination of the

amount of iodide excreted in the urine serves as an

important and reliable clinical tool that can be used for

diagnosis and for evaluation of the treatment's outcome.

The normal urinary excretion after 24 hours is

approximately 40 - 70% of the administered dose. When the

thyroid is hypoactive, the urinary excretion is 80% or more

of the dose, whereas in hyperthyroidism, less than 30% is

excreted (12).
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4. Hyperthyroidism Hyperthyroidism refers to excessive production of

thyroid hormones. When the patient shows symptoms

caused by excessively high levels of thyroid hormones, the

condition is known as thyrotoxicosis. Two major causes of

hyperthyroidism are known. Diffuse toxic goiter, otherwise

known as Grave's disease, is characterized by thyrotoxicosis

and ophthalmopathy, and is thought to be due to an

autoimmune condition affecting the TSH receptor. The

other form is toxic nodular goiter characterized by an

autonomously functioning nodule. The hyperthyroidism in

patients with Plummer's disease113) is almost

indistinguishable from that seen in Grave's disease. The two

conditions differ by the clinical manifestations of infiltrative

ophthalmopathy and dermopathy in the latter.

All toxic goiters (diffuse, multinodular or solitary

adenoma) can be controlled (l4"l6) when treated with a

sufficient dose of radioactive iodine. Thus there are no

contraindications to I3II so far as gland size is concerned.

The autonomous hyperfunctioning thyroid adenoma

presents the ideal case for radioiodine therapy since

suppression of the normal thyroid tissue allows the

radioiodine to concentrate in the "hot" nodule, sparing the

suppressed area from damage. The usual result is control of

the hyperthyroidism through destruction of the adenoma

and recovery of the normal gland to maintain an euthyroid

state.

Generally, the euthyroid state is reached in three to

four months in 60% of patients treated with a single

"non-ablativeM dose of radioiodine'l7). The remaining

patients become euthyroid within one year after a treatment

with two or more doses of1311. However, if in a patient a
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solitary cold area appears on a thyroid scan, malignancy

might be suspected and a biopsy should be performed. The

radioiodine thyroid uptake may, in addition, be lowered by

such substances as thyroid preparation, antithyroid drugs,

thiocyanate and perchlorate, corticotropin and

corticosteroids, phenylbutazone, sulphonamides and

p-aminosalicylic acid, arsenic, lead, and mercury.

Malabsorption syndromes and renal diseases also lower

thyroid uptake"8'.

For thyroid uptake, the most commonly employed

technique involves the oral administration of 5 to 25

microcuries of I3I1 - sodium iodide followed by

measurement of thyroid's radioactivity after elapse of a

given time. An identical sample of 131I sodium iodide is set

aside as a standard. After the elapse of, say, 24 hours, the

radioactivity of the thyroid is determined with a

gamma-sensitive detector and the activity compared with

that of the standard when measured using identical

geometry .

The normal range for iodide uptake is about 10 to

40% in 24 hours. Uptake exceeding 50% is highly

suggestive of hyperthyroidism" \ wheras uptake of less

than 15% may usually be interpreted as indicating

myxedema.

Until 1980 we supplied radioiodine for treatment and

diagnosis purposes, to all medical centers in Israel, in liquid

dosage form. This resulted in inaccurate dosing by the

physicians and caused frequent contamination of the

patients and the hospital personnel. The disadvantages and

5. Production ofi3i

sodium iodide
capsules

5. / The rationale, the
problems and the
solutions
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benefits in the use of capsules as compared with solutions

of radioiodine, are summarized in Table 1.

Table I. A comparison of the
advantages and disadvantages of
'"I gelatin capsules vs. '"l
solutions.

1 'l gelatin capsules
Advantages

Safety for hospital
personnel. No

contamination by
spillage or aerosols

Safety for the patient

Very safe for
transportation

High dosage
accuracy

Disadvantages
Possible volatility of the

iodine

The dose is fixed

Gastric evacuation" might
be slow, resulting in

possible local radiation

'"] solutions
Advantages

Iodine is non - volatile
even at high

concentrations

Physician has flexibility
in chosing dosage
Iodine is quickly

absorbed into the blood

Disadvantages
Very high risk of
contamination of
surroundings and

personnel
Mouth and upper

respiratory tract are
alwavs contaminated

Danger of crushing the
vials, which must be

made from glass
Dose is never precise,

due to incomplete
ingestion

No difference in thyroidal uptake of I J I I , between capsules and solutions

Since the benefits of the usage of radioiodine capsules

outweigh the few disadvantages, we have adjusted

ourselves to the worldwide trend and market demand by

designing and constructing a production facility for a wide

range of diagnostic and therapeutic capsules.

In the pharmaceutical industry, the production of capsules

containing antibiotics or other ingredients involves the

mixing of the active ingredients with an inert excipient and

then 'pouring' this mixture into empty capsules which are

then 'sealed' with the upper cap of the capsule. Such a

procedure is, of course, not practical when dealing with

radioactive materials, due to. the high risk of radioactive

contamination of the air in the production area and hence
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contamination of personnel and equipment.

In order to overcome this problems, we have adopted

a totally new encapsulation concept according to which a

highly concentrated solution of radioiodine is pipetted on

top of an inert matrix that is already present in the pre-filled

hard gelatin capsules. The capsules are then opened and the

'body' of each capsule is filled with powdered phosphate

salt. Into each individual capsule, designed for a specific

patient, a very small volume of a concentrated solution of

radioactive iodine is pipetted. A photograph of the

encapsulation setup is presented as Figure 1.

For our conditions we have found that the

concentration of the radioiodine solution should be as high

as possible in order to pipette a relatively small volume, not

Fig. 1: The encapsulation setup
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exceeding 0.1 ml. Otherwise the borders of the capsule

become wet and closure of the cap becomes impossible.

The pipetted volume is calculated in order to meet the

amount of radioactivity prescribed by the physician for a

given patient and date. The capsules are then 'capped',

using the upper part of the gelatin capsule and are packed

separately in a lead container for immediate transfer to the

medical center.

The conventional procedures of capsule production

could not be adopted for our purpose of small scale

production, nor was the commercially available machinery

suitable, because automatic capsule filling machines are

designed for mass production of thousands of capsules and

include means of transferring capsules to a packaging

machine. Our machine is designed on the basis of an old

manual capsule machine in which opening of the empty

gelatine capsules and holding each part of the capsule in a

separate part of the machine, is followed by filling the

capsule with phosphate powder and its sealing. As these

procedures do not involve handling of radioactive material,

these steps may be carried out outside of the

'tong-operated-lead shielded glove box' in which all of the

subsequent production stages are performed.

In addition to the manual machinery, an automatic

pipetting unit had to be designed. Moreover, every piece of

equipment which is placed in a lead-shielded glove-box

must fulfill the following requirements:

1. Its operation must be fairly simple in order to enable
remote controlled - procedures.

2. Its dimensions must fit the glove-box.

3. All parts should be resistant to very high radiation fields.
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4. Very sophisticated equipment should be avoided in
order to enable repair and/or replacement.

A process of drying, grinding and sieving of the

phosphate salt which serves as an excipient was developed

in our department. This procedure contributed to the

unfiormity in the weight of the capsules.

In order to meet the requirements of the

pharmacopoea, dissolution tests and disintegration tests

were conducted. All capsules dissolved within 2 minutes at

37°C and the concentration of the salt in the medium

indicated a complete dissolution. Since the irradiation dose

to which the gonads and the gastrointestinal tract are

exposed should be as low as possible*20', the rate of

dissolution is crucial and should not exceed 15 minutes. The

disintegration test in which we established that all capsules

disintegrate within 2 minutes was performed at 37°C using

Gastric Simulant. At room temperature, both tests lasted 3

hours.

Upon storage, mainly high dose capsules (50-100

mCi), tend to liberate molecular iodine - h, a phenomenon

which has been noticed also by other producers. This

phenomenon is caused by the extremely high concentration

of the radioactive 13II in a small volume having a very high

surface area that results in a creation of a point-sized,

localized and very intense, radiation field (thousands of

Rads in the capsule). Under these circumstances, the

radioiodine causes ionization of the air and free radical

formation in it. These radicals react with the iodide and

oxidize it to h, I and I+. In its molecular form iodine is

experiments
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highly volatile and penetrates every polymer from which

the walls of the packaging containers are made while I+

reacts readily with many organic compounds, thus

degrading the polymer walls of the capsule and increasing

their permeability to h.

The radioiodine which is present in the capsules must

be in its I" state because only in this form it is

physiologically available for the thyroid, and also fulfills

previously mentioned safety requirements.

The stability of radioiodine in the capsules was

assessed in an experiment in which 20 capsules each

containing 20 uCi of 13II have been stored for 10 days.

Every day two such capsules were dissolved and the

oxidation state and form of the radioiodine were determined

using TLC chromatography. The results indicated that the

radioiodine retained its stability for up to 10 days, during

which time, 99% of the radioidine remained as I ".

5.3 Quality Control
The Radiochemistry Department, as a producer of

radioiodine capsules, is considered as a 'mini'

pharmaceutical enterprise and as such is subject to the rules

and instructions set forth by the Israel Ministry of Health.

According to these regulations. production of

Pharmaceuticals (regardless of their nature) is prohibited

unless a certificate of GMP (Good Manufacturing Practices)

has been granted to the producer. GMP requirements have

been implemented in our department for production and

packaging units and for the final control of the external

radiation fields. As a general rule, the Radiochemistry

Department has adopted the guidelines suggested by the
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FDA's CFR 21 (Code of Federal Regulations).

Our quality control practice requires the analysis of

all inactive raw materials. However, when analysis cannot

be performed, as in the case of the hard gelatin capsules, the

producer's "Drug Master Files", GMP certificates and

producer's certificate of analysis (COA) are sufficient. Each

batch of 1311 sodium iodide, the principal active material, is

accompanied by the producer's COA. Even so, some

batches are occasionally sampled for gamma-spectrum

analysis and TLC is employed for radiochemical purity

analysis. Quality control of the finished product is based on

the counting of each I3II capsule using a "Capintec" dose

calibrator.

6. Marketing
l31I-sodium iodide capsules for therapeutic use were

introduced to the medical community by the

Radiochemistry Department of Rotem Industries in May

1983. Their introduction tripled the sales of radioiodine

within one year. Since 1983 until the end of 1996, a total of

14,139 patients in Israel received about 339 Ci (the doses

ranged from 1 mCi to 100-150 mCi per capsule). The

Radiochemistry Department supplies the entire Israeli

demand for I31I capsules and the data cited here include

Hents from all medical centers in Israel.
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Parametric
Studies of
the Hall

Thruster at
Soreq

J. Ashkenazy,
Y. Raitses and
G. Appelbaum

/. Summary

2. Introduction

An elec IL9906633 initiated at Soreq

a few years ago, aiming at the research and development of

advanced Hall thrusters for various space applications. The

Hall thruster accelerates a plasma jet by an axial electric

field and an applied radial magnetic field in an annular

ceramic channel. A relatively large current density (> 0.1

A/cm") can be obtained, since the acceleration mechanism

is not limited by space charge effects. Such a device can be

used as a small rocket engine onboard spacecraft with the

advantage of a large jet velocity compared with

conventional rocket engines (10,000-30,000 m/s v.s

2,000-4,800 m/s). An experimental Hall thruster was

constructed at Soreq and operated under a broad range of

operating conditions and under various configurational

variations. Electrical, magnetic and plasma diagnostics, as

well as accurate thrust and gas flow rate measurements,

have been used to investigate the dependence of thruster

behavior on the applied voltage, gas flow rate, magnetic

field, channel geometry and wall material. Representative

results highlighting the major findings of the studies

conducted so far are presented.

The Hall current plasma thruster is a crossed field

discharge device in which quasi-neutral plasma is

accelerated by axial electric and radial magnetic fields in an

annular channel. Thrust is generated as a reaction to the

momentum carried by the plasma jet emerging from the

channel's open end. Operating continuously at a discharge

voltage of a few hundred volts with inert gases, especially

xenon, as the propellant (working material), and exploiting

the available electric power (solar or nuclea'* .ouard
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spacecraft, such devices can be used as small thrust rocket

engines (electric thrusters) for orbit correction or as the

main propulsion"'2' As a result of the large jet velocity

which is unattainable by chemical rocket engines

(10,000-30,000 m/s vs 2,000-4,800m/s), a large saving in

fuel mass is obtained. Since the acceleration process takes

place in a quasi-neutral plasma, it is not limited by space

charge effects. Hence, current densities and, as a result,

thrust densities, larger by one or more orders of magnitude

than with the gridded ion thruster, can be obtained. Also,

the absence of accelerating grid electrodes in the Hall

thruster considerably reduces life-limiting erosion

problems.

Research on plasma acceleration by crossed fields

started already in the late 1950s in the former Soviet

Union'3 4| and almost in parallel in the US(x6). Nevertheless,

compared with gridded ion thrusters of the 1960s and

1970s, the Hall thrusters that were developed in the West at

that time had much lower efficiency and, as a result, that

early work was discontinued17'. On the other hand, Hall

thruster research and development efforts in the former

Soviet Union have been pursued continuously since the

1960s. Inter alia, extensive studies of both scientific and

engineering aspects of this technology were conducted'8"16'

and several variants of the Hall thruster were developed"7'.

These thrusters can operate with a good efficiency (=50%)

and a typical jet velocity of approximately 15,000 m/s. The

first flight of a Hall thruster onboard a satellite took place in

the early 1970s. Since then, thrusters operating at power

levels of up to somewhat more than one kilowatt have been
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used on many space missions, mainly for orbit keeping of

communication satellites. Larger experimental ^models (up

to 30 kW) are also known to exist at various stages of

development"6'

Despite these achievements and the fairly good

understanding of the principle of operation of the Hall

thruster, the physical processes involved are not fully

understood. Examples are the coupling between the

ionization and acceleration processes and its relation to the

stability of operation, the dependence of thruster behavior

on channel material and, in particular, the interaction

between the plasma and the channel walls, and the

dynamics of the emerging jet. Moreover, despite some

attempts (see for example Ref. 15), there is a lack of scaling

relations which could be useful in the design of such

devices-to operate according to different requirements

(power, thrust etc.). In particular, there is a need for better

understanding of the dependence on design and operational

parameters such as channel geometry, magnetic field

strength and profile, discharge voltage and working gas

mass flow rate.

In order to study the physics of Hall thrusters and

investigate the dependence of the performance on design

and operational parameters, an experimental thruster was

designed and built at Soreq. The design of this thruster and

its parts is modular and flexible to allow changes in the

geometry and magnetic field profile. In addition,

replacement of parts is relatively easy, thus enabling

examination of the effect of alternative structure materials

on the thruster's behavior. Using the experimental thruster,

an extensive parametric study has been conducted. In the
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first stage, the dependence on the magnetic field, discharge

voltage, mass flow rate, channel geometry and material was

investigated.

3. Electric thruster
There are three main parameters which characterize

the performance of an electric thruster: the thrust, T, the

specific impulse representing the momentum gain per

T
propellant mass element, Isp = , and the efficiency,

rhg
T2

T| = —;— . m is the propellant mass flow rate and g is the

(small) gravitational constant introduced historically in the

definition of the specific impulse. Note that the specific

impulse is in fact the average jet velocity (divided by 9.8

and given in units of seconds). Pe = IdUd is the input electric

power, where Id and Ud are, respectively, the discharge

current and voltage.

A few additional parameters are needed in order to

relate the physical processes inside the thruster to the thrust,

specific impulse and efficiency. The ionized fraction of the

mass flow is given by r\p = —•—, where I, is the ion

em

current. In the case of the Hall thruster, especially when a

heavy atom like xenon is used, the thermal velocity of

neutral atoms can be neglected. For this reason, r\p is

referred to also as the propellant utilization factor. Then,
ripV: 2et]v\J,

ISD = , where v- = ,1 is the average velocity
g V m

of ions. T|u is the voltage utilization factor representing the

effective fraction of the discharge voltage used for

acceleration, which, in general, is smaller than Ud due to
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4. Hall thruster
principle of
operation

various factors, such as anode and cathode voltage drops,

ionization costs and energy losses of accelerated ions by

wall collisions. As we can see, in order to obtain a large

specific impulse, the propellant and voltage utilization

factors have to be maximized. Using the above definitions

for the propellant and voltage utilization factors, the

expression for the efficiency can be written as

= TIPT1L see then that in order to obtain good

efficiency we need to maximize in addition to r\v and r|l;

also the current ratio, —L, or, equivalently, minimize the

electron current.

A schematic drawing of the Hall thruster is

presented in Figure 1. The propellant, usually xenon, enters

through the annular anode into the channel, where it is

ionized. Under operating conditions in which the Hall

parameter, 0)cx, is much larger than unity, the applied radial

magnetic field impedes the electron current flow towards

the anode and thus enables the existence of a significant

electric field in the plasma. The much heavier ions are

almost not affected by the magnetic field, and hence they

are accelerated by the electric field towards the exhaust.

The requirement for the magnetic field to affect strongly the

electron motion and, concurrently, to have a negligible

effect on the ion trajectories, is that the acceleration will

take place along a length, la, much longer than the electron

m .v,
Larmor radius, P K — , and much smaller than the ion

Larmor radius, i.e., /?
re«^a«/r:

ri. • In the above definitions
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me, ve and e are, respectively, the electron mass, velocity

and charge, (oe = eB/me is the electron cyclotron frequency,

and t is the electron collision time.

Electron Hall current

Anode\Gas-
Distributor Hollow Cathode <

Plasma
Jet

lectrons

Fig. I: Schematic drawing of the
Hall thruster.

In order to examine the ion acceleration mechanism,

let us first look at the electron equation of motion118):

(1)
dv VP m (v - v .

where ne and PP are, respectively, the electron density and

pressure and Vj is the ion velocity. Limiting ourselves to

steady-state axisymmetric cases it can be shown that the

inertial term on the left side of Eq.(l) and the Ohmic term,

the last one on the right side, can be neglected as their ratios

to the Lorentz force term go as £re/4 and l/((Ocx)',

respectively. As a first order approximation, we assume also

that the plasma is cold, and obtain:

(2) E«-v e B - 0 ,
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i.e., the electric equipotential contours follow the magnetic

field lines. For radial magnetic and axial electric fields the

electron velocity is 9 - directed, giving rise to an azimuthal

Hall current, Jdt =: encvL.(t. For this reason, the Hall current

thruster is sometimes called the closed drift thruster

(CDT)"7).

Since the effect of the Lorentz force on the ions is

small, and as the ion temperature is also small, the ion

equation of motion can be written as:

dv
(3) m, = eE(r. z).

dt

Thus, the radial magnetic field results in the

acceleration of the ions in the axial direction. However,

when the electron pressure gradient is taken into account, it

gives rise to a radial electric field (see Fq.( 1)) which causes

a dispersion of the accelerated ion beam. The axial and

radial electric fields are given approximately by

Tli.U, kT
E/ ~ — — - and Er ~—L. respectively, where Tt. is the

f A eh

electron t empera tu re and h is the channe l height . Then , the

angle of dispersion of the ion beam can be estimated as

kT f
-—• — . On the other hand, the 'eollimatint>' antzle,

en,U, h - -

i.e.. the angle inside which the ions can be accelerated

without colliding with the channel walls and losing all or

part of their kinetic energy, goes as — . It is clear then that

in order to minimize energy losses by wall collisions, an

acceleration length as short as possible is desired.
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Although the Hall parameter is typically much larger

than unity, it is nevertheless finite. As a result, electrons

diffuse across the magnetic field lines towards the anode

giving rise to an axial electron current, Jcz= Jce/OL)OT (see Eq.

(1)). It is this current that ionizes by impacting the

propellant atoms emerging from the anode. In order to

obtain substantial ionization in the channel, its length, f:, has

to be greater than the ionization mean free path given by:

( 4 ) k - = -
0 < o,ve >

where va is the velocity of neutral atoms and o, is the

cross-section of ionization by electron impact.

Ionization as a statistical process, is expected to take

place along a length of approximately X,. Had the electric

potential been distributed homogeneously along the

channel, the ions created closer to the anode would have a

longer acceleration distance with a greater chance of

colliding with the walls. On the other hand, those ions

created closer to the exit would utilize a smaller fraction of

the accelerating voltage. These problems are much reduced

when most of the potential drop is concentrated near the

channel exit. In this case, ionization takes place mainly in

the region adjacent to the anode ('ionization region'),

whereas effective acceleration starts only after a substantial

fraction of the mass flow is ionized and takes place along a

relatively short distance near the exit ('acceleration

region'). Such an electric potential distribution is produced

using a non-homogeneous magnetic field distribution that is

minimal near the anode and increases towards the exit

(
a z

L > 0 ) ( l l > . Controlling the axial electron mobility in
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Fig. 2: Magnetic field and floating
potential profiles along the median
of the experimental thruster
channel. The thruster operating
conditions during floating
potential measurement were:
Uj=200V, lh = 1.28 mg/s,
h =1.1 A.

such a magnetic field results in the desired electric potential

distribution. Figure 2 shows the magnetic field profile along

the channel median of our experimental thruster. It was

measured using a F. W. Bell 9900 Gaussmeter and a

YOA-99 Hall probe. Shown also is the floating potential

measured with an axially oriented cylindrical Langmuir

probe made from a 0.2 mm - diameter tungsten wire

extended 0.5 mm from a 2 mm diameter - alumina pipe,

during typical thruster operation (Ud = 200 V, rh = 1.28

mg/s, Id=l.lA). Since the electron temperature is typically

0.1 Ud or less (912), the floating potential profile crudely

represents the plasma potential profile.
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5. Experimental setup

5.1 The thruster
A photograph of the experimental thruster is shown in

Figure 3. As mentioned above, the experimental thruster is

modular in design and replacement of parts is relatively

easy, to allow changes in the geometry, magnetic field

profile, and structure materials. The thruster consists of four

main parts: anode, which serves also as the propellant

distributor; an annular ceramic channel; a magnetic circuit;
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and a hollow type cathode. The magnetic circuit consists of

flux generating coils, flux guiding soft iron parts, and two

concentric pole pieces in the gap between which the desired

magnetic field is excited. The circuit may include additional

elements to shape the magnetic field profile in the channel.

In the experiments described below, the radial magnetic

field profile along the channel median, Br(z), is the one

shown in Figure 2. At a coil current of 1A, the measured

magnetic field strenuth at its maximum was 70 Gauss.

Fig. 3: The Soreq experimental
Hall thruster.

Since thruster operation at power levels below one

kilowatt was preferred, an external channel diameter of 70

mm was chosen ( 1U3J4) . The channel width is 15 mm; the

internal diameter of the annular channel was determined

mainly by magnetic circuit design considerations as well as

by the desire to prevent excessive heating of the internal

magnetic pole. Nevertheless, the channel width can be

narrowed by inserting cylindrical ceramic spacers to fit to

the internal or external diameter of the channel. The

effective length of the channel, measured from the anode
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front face to the channel exit, can be varied by changing the

position of the anode in the channel; at its maximum it is

equal to 40 mm. In the experiments described below, channel

materials of two kinds were used: glass ceramic (GC) and

boron-nitride (BN). The first material is nonporous and can be

machined to a higher precision due to its better mechanical

properties; the second one is a sintered ceramic with a

porosity of 15.27% and its machined surface seems to be

rougher than the first one. Among other properties, the two

materials differ also in their dielectric constants. According to

the manufacturer's data, at temperatures of a few hundreds

degrees Celsius, expected for an operating thruster, the

dielectric constant of BN is approximately 5, whereas that of

GC is about double.

5.2 Test facility T, . t ,, , . . , -, ,
J J The experiments were performed in a 1.2x2 m stainless

steel vacuum chamber equipped with windows and flanges to

accommodate various probes. The pumping system consists

of a two stage Roots pump and a 20" diffusion pump. The

vacuum in the chamber is monitored with an ion gauge. At

typical xenon mass flow of 1.2 mg/'s a vacuum of 2.7 10° to IT

was measured, corresponding to a xenon pumping speed of

5700 1/s. A Tylan FC-260 controller is used to control and

measure the propellant flow to the thruster. A separate flow

controller is used for the flow through the hollow cathode,

which requires approximately 10% of the mam flow to

operate properly. A 0-500 V, 8 A, voltage regulated power

supply was used to supply the main discharge. Another power

supply was used to provide the coil current. Figure 4 is a

photograph of the test facility at Soreq, showing the vacuum

chamber and some of the power supplies and diagnostics.
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As mentioned above, the propellant mass flow is

measured by the flow controller, which has a specified

accuracy of 1%. Assuming free molecular flow, the

uncertainty in the mass flow rate is increased to 2.4% due to

the ambient gas in the vacuum chamber11 ' \ The mass

flow rate through the cathode is not included in the results

below. The discharge voltage and current and the coil

current are measured with standard shunts using high

accuracy (better than 0.4%) multimeters. AC voltage and

current were also monitored, in order to verify the thruster

stability at the various operating points using voltage

dividers (1:10) and a digitizing oscilloscope.

A key measurement for the determination of thruster

performance at the various operating points is that of the

thrust. For this purpose, we have developed a pendulum -

type thrust stand (19). During operation the thruster is

suspended on the pendulum arm, while a high sensitivity

inclinometer, located at the fulcrum, measures the arm

deflection due to the thrust, from which the value of the

thrust is deduced. Thrust calibration was performed, using a

weight arrangement, in the range of up to 60 mN. Very

Fig. 4: The electric propulsion test
facility at Soreq.

5.3 Diagnostics
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Fig. 5: The experimental Hall
thruster (front view) suspended on
the pendulum thrust stand inside
the vacuum chamber at Soreq.

good linearity and better than 1% reproducibility were

demonstrated. The smallest reliably detected difference

between calibrating weights was equivalent to a thrust of

0.2 mN. In the experiments described below, the calibrating

procedure was repeated following every thruster

configuration modification. The thermally induced thrust

stand zero drift during thruster operation was less than 1

mN after the first hour of operation. Figure 5 is a

photograph of the thruster (front view) suspended on the

pendulum thrust stand inside the vacuum chamber. The

electrical wires and propellant pipes are arranged in a plane

perpendicular to the pendulum motion in order to minimize

parasitic torques.
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The ion current is estimated from the measurement of

the ion flux in the emerging jet. For this purpose, a disk

Langmuir probe, made from a low sputtering

tungsten-copper alloy and having a diameter of 2 cm, is

used. The probe is mounted on a rotating arm which enables

it to be moved on a circle with a radius of 32 cm whose

center is on the thruster exit plane. The probe is negatively

biased at -30V, a value at which the probe I-V

characteristic, measured at various thruster conditions when

the probe is positioned in front of the emerging plasma jet,

exhibits very flat behavior (ion saturation). The probe

current, which is then proportional to the ion flux, is

deduced from the voltage drop on a 100Q shunt resistor.

The thruster ion current is deduced, assuming axisymmetry,

by integrating over the measured angular ion flux

distribution. The uncertainty in the ion flux measurement

could be affected by a few factors, which at the moment are

difficult to estimate. These factors include the probe

efficiency, background pressure effects, in particular ion

exchange in the jet, and back flow from chamber walls.

Still, we have assumed that in a relative measurement, i.e.,

when the purpose is to compare thruster behavior under

different conditions, the above described procedure for

estimating the ion current is useful.

6. Results and
A photograph of the Soreq experimental thruster dlSCUSSionS

during operation is presented as Figure 6. An extensive

study of the experimental Hall thruster behavior and the

dependence of thruster performance on design and

operational parameters has been conducted. This paper

covers thruster operation experiments with glass ceramic
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Fig. 6: The Soreq experimental
Hall thruster in operation.

6.1 Magnetic and electric
characteristics

and boron-nitride channels, at three channel lengths, 20, 30

and 40 mm (only 30 and 40 mm with the BN channel).

Measurements were performed at the discharge voltage

range of 100-500V, xenon mass flow range of 0.8- 3.5

mg/s, and coil current of 1-5A. At each operating point, the

discharge current and thrust were measured, from which

magnetic and electric characteristics and the specific

impulse and efficiency were deduced. In addition, in many

of the working points, probe measurement of the emerging

plasma flux was performed, from which the ion current and,

as a result, the propellant utilization and the current ratio

were also deduced. Due to space limitations, only

representative results highlighting the major findings of the

study are presented below. More detailed descriptions of the

experiments and the results obtained can be found in other

publications from this laboratory" " 3\

Figure 7 shows the dependence of the discharge

current on the magnetic field strength (coil current) for

given channel length, discharge voltage and mass flow rate

values (^=40mm, Ua = 250V, rh = 1.04 mg/s in this case),

and for the two channel materials. The behavior of each of

IAEC - Annual Report 1997
80



IAEC - Parametric Studies of the Hall Thruster at Soreq

c

O

TO

o

0.95

0.85
1.4 2 2.6

Coil current, A
3.2

the two curves, which is typical of Hall thruster operation
(l6), was observed by us in most of the range of geometrical,

voltage and mass flow values under study. As can be seen, a

value of the coil current, Ic*, exists for which the discharge

current is minimal. The behavior below Ic* is due to the

decrease of the axial electron mobility as the magnetic field

strength is increased, which results in a reduced axial

electron current and hence total discharge current. The

increase of Id for Ic > Ic* was observed to be associated with

the appearance of current and voltage oscillations'16 l9) at

frequencies of tens of kilohertz, cheir amplitude increasing

with Ic. The behavior above Ic* and the nature of these

oscillations are not fully understood yet and are subject of

ongoing investigations'710171. A possible explanation is that

these are 'transit ionization oscillations'110) which are

excited when the steady-state axial electron current is too

low to sustain the ionization of the flux of neutrals from the

anode.

As observed experimentally, the minimal discharge

current point is also in most cases the point of maximum

thruster efficiency when the coil current is varied and all

Fig. 7: Discharge current vs coil
current (magnetic field strength)
obtained at a discharge voltage of
250V and xenon flow rate of 1.04
mg/s, with 40 mm glass ceramic
and boron-nitride channels.
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other parameters are held fixed. This behavior is due to the

fact that at this point the input power is also minimal, while

around it the thrust typically remains constant. For this

reason, the minimal discharge point is usually the preferred

working point. As the discharge voltage or the mass flow is

increased, Ic* also increases In order to keep the axial

electron current minimal, the higher magnetic field is

required in the case of the discharge voltage to compensate

for the increased axial electric field, whereas in the case of

the mass flow rate it is required to compensate for the

higher rate of electron collisions due to the larger atom (and

ion) density (Je/ =Jee/cocT).

The dependence of the curves shown in Figure 7 on

the channel material used has not yet been reported. As can

be seen, the BN curve is flatter than the GC curve, a

behavior which repeated itself at higher mass flow rate

values. At these higher values it even became difficult to

observe with the BN channel the increase in the discharge

current for Ic > Ic\ Alternatively, this behavior can be

attributed to saturation in the iron core of the magnetic

circuit, which limited a further increase in the magnetic

field strength as the coil current was increased. As the

discharge voltage increased, so did the difference in \c'

between the two channel materials, where a larger magnetic

field strength (larger I c ) was required to minimize the axial

electron current with the GC channel.

A strong dependence on channel material is evident

also from Figure S which shows the plot of the current ratio,

— . v.v the discharge voltage for two mass flow values, 1.04

and 1.53 mg's, and the two channel material cases
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{(. = 40mm). As with most of the results presented below,

measurements were performed at the corresponding Ic*

points. With the BN channel the current ratio remains

almost constant up to 500V, whereas it decreases sharply

above 270V with the GC channel. Above 400V, thruster

operation with the GC channel becomes unstable, followed

by a significant heating of thruster parts, and therefore it

was impractical to perform measurements in that range.

0.7 , • i

0.62

0.54

0.46
150

1" v*
! " •

GC | x

1.04 mg/s
1.53 mg/s i
BN
1.04 mg/s
1.53 mg/s

270
Discharge

•

390
voltage, V

510

These results, as well as those in Figure 7, seem to indicate

the existence of a mechanism affecting strongly the axial

electron current, which depends on some properties of

channel material and therefore involves most probably near

wall processes of some sort. Although material-dependent

near-wall processes have been already discussed by other

investigators (l4>, the wall mechanism suggested here seems

to be of a different nature. Bugrova et al <l4> compared Hall

thruster operation with quartz and BN channels. According

to them, the granular structure of BN was the main reason

for an increased axial electron current at high discharge

voltages. Since GC is non-sintered and has a smoother

surface than BN, it seems that other material properties, for

Fig. 8: The current ratio,I/Ij, vs
the discharge voltage, measured at
xenon flow rates of 1.04 and
1.53mg/s, with 40mm glass
ceramic and boron-nitrid
channels.
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Fig. 9: V-l characteristics of the
experimental thruster measured at
five mass flow rate values with a
30 mm boron-nitride channel.
Shown also are the characteristics
ut the two lowest mass flow rates
obtained with a glass ceramic
channel of the same length.

example the dielectric constant, affect the axial electron

current by a new kind of mechanism which is the subject of

further investigations.

Figure 9 shows the voltage vs current characteristics

of the experimental thruster operating with the BN channel

(f = 30 mm) at five mass flow rate values.
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Shown also are the characteristics obtained at the two

lowest flow rates with a GC channel of the same length. As

can be seen, the discharge current in the BN channel is

almost independent of the voltage in the 200-500V range,

and is roughly proportional to the mass flow rate with the

proportionality factor changing from about 0.8 at the lowest

mass flow rate to about 0.9 at the largest one. Similar

behavior was observed also with the GC channel although,

in this case, the slope of each characteristic is less steep.

Only minor differences in the discharge current values were

observed when the channel length was extended to 40 mm.

This type of behavior is generally understood when we
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remember that each point on the V-I characteristics is taken

at the corresponding lc*, i.e., when the axial electron current

is minimized. Under these conditions the discharge current

is determined mainly by the ion current, which, in turn, is

determined by the mass flow rate. The lower slope of the

characteristics with the GC channel is a result of the

increase of the axial electron current with the voltage, as

demonstrated in Figure 8.

Figure 10 shows the propellant utilization vs the mass

flow rate obtained with a GC channel at three channel

lengths, f = 20, 30 and 40 mm, and at a discharge voltage of

300V. As we can see, in all three length cases the propellant

utilization increases with the mass flow rate. At low mass

0.9

• S 0.8

6.2 Propellant utilization
and channel length

S- 0.7

0.6

rv"'"
D - ^

i' ^T"

/ ^ •'

^ ^
/ " ; a

/ ^ - • ' ' ' +

• + ••/ = 20 mm

• I = 30 mm
a 1 = 40 mm

Fig. 10: Propellant utilization
values vs the mass flow rate,
obtained for a discharge voltage of
300V with a glass ceramic channel
at three channel lengths: 20, 30
and 40 mm.

0.7 1.3 1.6 1.9

Mass flow rate, mg/s

2.2

flow rate, the highest propellant utilization was obtained

with the longer cannel, whereas at high flow rates the best

results were obtained with t = 30 mm. Similar dependencies

on the mass flow rate and channel length were obtained

with the GC channel at 200 and 250V as well(25). Thruster

operation experiments were performed with the BN channel

at channel lengths of 30 and 40 mm only, and at fewer mass
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flow rate values. Still, the behavior at these two lengths

was qualitatively similar to that of the GC channel. The

dependence of the propellant utilization on the mass flow

rate is understood when we note that, using the

quasi-neutrality condition, the electron density can be

written as n =—-—, where S is the cross-sectional
mv,S

channel area. Plugging this expression in Eq. (4), we find

that the ionization mean free path is inversely proportional

to the mass flow rate. Then, for a given channel length, the

ionization probability and, therefore, the propellant

utilization, are expected to increase with the mass flow rate.

The relatively long ionization mean free path at low mass

flow rate can be compensated for, at least partially, by

extending the channel length. An atom entering the channel

through the anode has now a longer distance to travel before

exiting the channel and, as a consequence, a greater

probability of being ionized by an impacting electron. At a

high mass flow rate, the 30 mm channel is long enough to

obtain good propellant utilization, whereas the 20 mm

channel is still too short. The fact that a better propellant

utilization was obtained with the 30 mm than with the 40

mm channel seems to indicate the existence of a length

dependent ionization loss mechanism. A reasonable

candidate for this is recombination losses at the channel

walls acting as a 'big' third body. The above discussed

dependence of propellant utilization on channel length

result led us to suggest that when the mass flow rate is

specified, there is an optimal channel length for which the

propellant utilization and, as a result, the thruster efficiency

are maximized. Alternatively, if thruster operation at a

broad range of mass flow values is required, a possible
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solution is a movable anode which effectively changes the

channel length.

Figures 11 and 12 show, respectively, the specific

impulse and the efficiency of the experimental thruster as

functions of the mass flow rate obtained with the GC

channel for channel length of 30 and 40 mm at a discharge

voltage of 300V. Both specific impulse and efficiency

follow the dependence of the propellant utilization on the

mass flow rate and geometry, as described above and

demonstrated in Figure 10.

6.3 Specific impulse and
thruster efficiency
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Fig. 11: Specific impulse values vs
the mass flow rate, obtained for a
discharge voltage of 300V with a
glass ceramic channel at three
channel lengths: 20, 30 and 40
mm.

Fig. 12: Thruster efficiency values
vs the mass flow rate, obtained for
a discharge voltage of 300V with a
glass ceramic channel at three
channel lengths: 20, 30 and 40
mm.
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Fig. 13'. The specific impulse vs
the discharge voltage measured
with 40 mm glass ceramic and
boron-nitride channels at two mass
flow rates, 1.04 and 1.53 mg/s.

Figures 13 and 14 show respectively the specific

impulse and the efficiency v.v the discharge voltage for two

mass flow rates, 1.04 and 1.53 mg/s, obtained with the GC

and BN channels (f = 40 mm). While the specific impulse
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Fig. 14: Thruster efficiency vs the
discharge voltage measured with
40 mm glass ceramic and
boron-nitride channels at two mass
flow rates, 1.04 and 1.53 mg/s.

50

42

0)
o

15 34

26

mg/s
1.53 mg/s

140 270 400
Discharge voltage, V

530

for each case follows roughly the U j ' ' dependence, the

higher specific impulse and efficiency for the higher mass

flow rate are mainly the result of the better propellant

utilization. As regards the channel material, better overall

results were obtained with the BN channel. The difference

in the efficiency, which increases with the voltage, may be

attributed in part to the different behavior of the current

ratio as demonstrated in Figure 8. Nevertheless, since the
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specific impulse is not directly dependent on the current

ratio, and since we observed only subtle differences in the

propellant utilization between the two materials which were

mostly in favor of the GC channel, the better specific

impulse obtained with the BN channel and demonstrated in

Figure 11 indicates greater voltage utilization with that

channel. This could be the case if, for example, the larger

axial electron mobility 'smears', the voltage drop in the

'acceleration region'. Still, to answer this question, a

comparative probe measurement of the potential profile

inside the channel is required. The highest specific impulse

in Figure 13 was obtained with the BN channel at a mass

flow rate of 1.53 mg/s, and a discharge voltage of 500V. At

this point, the specific impulse was 2120 s and the

efficiency 45.5%. The corresponding propellant utilization

and current ratio factors were 0.83 and 0.65, respectively,

thus, the voltage utilization factor calculated from the

efficiency equals 0.84.

7. Conclusions
An extensive parametric study of the Hall current

plasma thruster has been conducted with an experimental

thruster of a modular and flexible design. The dependence

of the discharge characteristics, propellant utilization

(ionized fraction of the flow rate), specific impulse and

thruster efficiency on operational and design parameter,

including the magnetic field strength, discharge voltage,

xenon flow rate, and channel material and length, was

investigated over a broad range of values. The major

findings of the study to date are as follows:

I. Channel material has significant effect on the electrical

characteristics, and in particular on the dependence
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of the axial electron current on the magnetic field

strength and the discharge voltage. The nature of this

effect and its relation to specific material properties are

not yet understood and require further investigation.

2. The characteristic dependence of propellant utilization,

and therefore of the specific impulse and efficiency on

the propellant flow rate and channel length, and the

existence of an optimal length for a given flow rate.

Additional experiments, especially with more channel

materials, are still required in order to understand better the

significance of these findings. However, even at this stage,

they are already useful as guidelines in thruster design. The

large set of measured data obtained in this study serves also

as input for theoretical work on the development of models

to explain the behavior of these devices (~~\ Meanwhile,

additional experimental studies are being conducted or

planned, including the variation of the profile of the channel

cross-section and the magnetic field, and the use of gases

other than xenon or gas mixture as propellants.
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