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Abstract

Lorentz ionization of low energy, less than 200 keV, neutral
injection beams was studied as they pass through the toroidal
magnetic field of a tokamak reactor. An equivalent electric
field; zxﬁ, which these atoms see, was calculated as a
-function of position along the injection path. By assuming

a 1/n3 population distribution, the fraction of the beam

lost via Lorentz ionization was determined. ©Neglecting the
competing effects of spontaneous decay and inverted cascade,
it was found that less than one percent of the beam will be

lost through Lorentz ionization.



The requirement of intense magnetic fields in thermo-
nuclear devices forces one to consider the loss, by Lorentz
ionization, of particles from the neutral injection beams

hbefore thev reach the plasma. This ionization is due to the

> ->

> .
Lorentz force, ev x B, where e is the electronic charge, v
1] * _> » . »
is the beam velocity, and B is the magnetic field at the

. . . -+ - S
point being considered. TFor our purposes the v x B field
can be considered as an effective electric field which, if
. s . . 1
large enough, can ionize highly excited neutral atoms. Any
particles ionized in this manner before the heam enters the
plasma is considered lost in the divertor field., 2As an exam-
rle, a 20keV proton heam moving verpendicular to a uniform
50¥C magnetic field sees an equivalent electric field of
5 . . . . . .

nN,979 x 197 Volts/cm. This field is sufficient to ionize the
ninth and higher excited states of atomic hvdrogen. What
one actually would like +o know is the fraction of the neutral
beam which is lost via this mechanism as a function of heam

o~ 4 - > ) -
energv. To do this the v x B field must be known at each
point on the injection path along with the excited state
distribution as a function of heam energv. ¥nowing these
quantities, and the field reguired to ionize the various ex-
cited states, the fraction of the heam Lorentz ionized can he
found.

Tirst consider the pro*lem of calculating the magnitude
3 . . . ) > > .

of the effective electric field, |#| = |v x B|, assuming a

beam of neutral deuterium atoms incident on the toroidal



reactor as shown in Figure 1. Injection is tangent to the
magnetic axis as shown, with © the instantaneous angle bhe-
tween the velocity and the magnetic field, vy, the distance
from the center of the toroid to the point in question, will
he the main independent variahle. Iote that bhoth the mag-

. > >
nitude of B and the angle hetween B and v varies with r,
that is as the particle moves along the inijection path. The
poloidal magnetic field will he neqglected and onlv the effect
of the toroidal maagnetic field will »e considered. The

effective electric fiesld can he written as

12 - 2B .
A = B sin 8 1)

vhere T is the heam enerav, m is the mass of the particles,
D is the magnitude of the magnetic field, and & is defined
above, If I' is measured in eV, m in amu, and B in kilogauss,

this equation hecomes

B sin @ volts/cm 2

To find the r dependence of B and sin ® one uses Tigure
1. Some important dimensions of the device which will be

neadad are:
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major radius

vlasma radiug = 2.5 meters

first wall radius 2.5m/.9 = 2,72 meters
blanket and shield thickness = 2,25 meters
lising these dimensions the distance from the center of the

toroid, point @ in Tigure 1, to the outside of the shield region,



s

point a, is 17.52 meters. 9»Nefining x as the distance hetween

points b and ¢ in Tigure 1, sin & is

sin § = = = 3)
r
Comhining equations ? and 3 vields
- ™ n_“
2l = 420/ RB//1-(- A
lE] = 4 JC; B/1- () )

The variation of B with nosition can he ohtained »y noting

that it is provortional +o 1/r as follows
"3 = B 5)

where Bo is the magnetic field on axis and B is the field at

r. Solving this for B and substituting into equation 4 gives

5)
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This eguation now specifies the effective elactric field, ]EI,
as a function of r,.

Refore solving equation 6 numerically some useful informa-

» . [] . » + v 1
“tion can be obtained by maximizing || with respect to the
independent variahle r. 7o do this a new variabhle y, defined
L] * 3 -* 1]

as 1/r, is used. Differentiating |[F| with respect to v and

setting the derivative equal to zero gives

+ 1720y (1-y ) "1/ 2 (Logn?y = 4

P . »
where C is 439]%-Boﬁ. This equation can he simplified to



N2 2.0
= y7R 1y

the solution of which is vR = 1//9, The result of this simple

. . s > .
calculation is that the value of r at which |F] is a maximum

is
r = /2R = 17.59 meters 7)
Therefore, for the case of injection tangent to the magnetic

. . + . . . . .
axis the maximum |%| occurs just outside the shield region.
* » * . 13 - . * L v
The phvsical significance of this point of maximum |[E| is that
as the bheam enters the device and moves toward point C, the
- . s . -+ >
magnitude of B increases while the angle hetween v and B
decreases. For r large sin 9 anproaches 1, but B tends to
zero making their product go to zero. 2t point ¢ the value
3 13 » - -* 1.
of sin ® 1s zero vielding [El = 19, Somewhere hetween these
two extremes one would exnect a maximum, which is the point
indicated in equation 7. 7s this point is approached from
outside, the 1/r dependence of B dominates the decreases in
L] L) 13 - * +
sin @, the net effect being an increase in |[F]|. Once the
maximum is passed the decrease in sin & dominates causing
> . . . X .
¥l to decrease. Mn important point is that the place where

™

» -> s M 1,
the maxinum of ;h! occurs 1s independent of the heam enerqy,

+ *
aven though the value of |F| at the maximum goes as /%. The

results of

. . .’. i
numerical calculations of |T| as a function of r
are shown in Tahles I and II for a D° heam at several enercgies,.
Tahle I is for heam enerqgies of 20keY to 17%keV whereas Table

IT is for enerales of 200keVY to 1™Me™, 7 is defined to he



17.52 meters minus the varia®le ¥ used ahove. Tharafore 7
is the distance the hearm has venetrated past the edas of
the shield region. The values of !;l are in units of
104 olts/cm,

Consider now the nrohlem of caleulating the fraction
of neutrals in each excited state. 7o do this one can use
the theoratical calculations of Butler and Way,z who calculate
the guantity n‘q'In/Ii for a heam of protons incident on a
gas cell of atomic hvdrogen. Ii is the proton current in-
cident on the gas cell and I, is the equivalent current of
neutrals particles in the nth excited state exiting from the
gas cell (n heing the principal quantum numher of the state
in gquestion). Two prohlems which aris2 immediately are the
fact that an incident nroton beam is used, whereas the case
under consideration uses Aeuterons, and that the gas cell
contains atomic hvdrogen, while in pnractice moleoular
hvdrogen is used, 2As far as the charge exchange process is
concerned a lkeV pnrotorn is equivalent to a 2keV deuteron
since the reaction demends on the relative velocitv of the
interacting particles. This provides a solution to the first
5roblem.‘ The answer to the second probhlem is that once the
beam enerav increases above 10keV differentiation hetween an
atomic gas and a molecular gas is no longer necessarv.
Therefore the data of Butler and May for atomic hvdrogen can
e used, in place of molecular hvdrogen, for heam energies

exceeding 10keV, The hicgher the beam enerqgy the hetter this



assumption is, Tabhle III shows data from Butler and "lay for
both incident proton and deuteron heams., Tiqure 2 is a plot
of n?In/Ii versus the incident deuteron energv with the
crosses indicatinag data taken from Butler and May. The cir-
cle represent a seventh order polvnomial least squares fit

of the data. The polyvnomial used was:

1 /Is = C +C F+C nlee o4, T "D
n . n i f) <,1.,'.‘, ,‘,‘?;v ,,.3.-,1 \,“L e

il

where CO -2.9814152

c, = 2.°000403 x 1071
Foo= =7.9591272 x 107

c. = 1.1208736 x 1074

= -9.001974 3 117

-0
. = A4,05034598 x 19

- -12
C, = =9,978478 x 10 —°

c. = 1.9251042 x 1n"+4

. is the beam energv in keV’

The fraction of neutral particles produced, which are in
the jth and higher excited states, is trivially
o
Fraction = 77, = Z In/I 2)
] n=j
where I is the total equivalent neutral current from the charge
Q 3 L] » . [}
exchange cell. To get from n”In/Ii, which is given in Figure 2,
to In/I’ which is what is required, the neutralization effi-
ciency is needed. 2Assuming an equilibrium cell the neutral
fraction is
» = I/1.
o® / i
Combining equations 2 and ¢ leads to
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For a given beam energy both n3In/Ii and Fo are constant,

oo

by defining the former as f, equation 10 can be cast in the

form

- o 1
F, = o X —
J FOoo n=j n3

11)

This can be rewritten in a more convenient form as

o0

P = f W,.]:_ - m...:.l:.. 12)
3 - & 3 & 3
o n=l n n=1 n

The infinite series is known to be 1.2020569, while the second
series can be obtained by summing. Values for Fooo were oOb~-
tained from Allison3 and are plotted in Figure 3 as crosses
with the circles representing a sixth order polynomial

least squares fit of the crosses. The polynomial used was

2 3 4 5 6

Fow = AgtA E+AEX4A B 4A Bh4A B 4A F
where A, = 8.71474 x 1071

A, = 4.93177 x 107

A, = -2.93508 x 107

A, = 4.46092 x 107°

A, = -3.54641 x 107°

A; = 1.40604 x 10717

Ag = -2.16749 x 10703

E is the beam energy in keV

Table IV lists the results of numerical calculations per-

formed using equation 12. Each listing in the table is the



percentage of the total neutral beam at the specified energy
in the indicated state and all higher states., To get the
fraction of the beam in any one excited state requires sub-
traction of adjacent listings. By using equation 12 to cal-
culate the excited state populations a 1/n3 distribution was
assumed, n being the principal quantum number of the excited
state in question. Such a distribution was used because
there is some experimental justification for it,4 although
the exact distribution is not known.

To complete the calculation of the Lorentz ionized
fraction of the neutral beam, the electric field necessary
to ionize any given excited state must be known. This
information can be obtained from Bailey, Hiskes, and Riviere,5
whose results are shown in Table V. A transition time of

-8 seconds was used. The spread in electric field required

10
for ionization of each energy state is due to the various
vibrational and rotational states available to the electron.
Values of the fields are in units of 104 volts/cm, Com-
bining this table with the results of the effective electric
field seen by the beam as it passes through the magnetic
field yields information as to the lowest state ionized.

The numbers in parentheses opposite the maximum effective
electric fields in Tables I and II give the principal quantum
number of this state. Knowing this excited state one can
find the fraction of the beam ionized using the excited state

distribution of Table IV, Table VI then lists the desired

results of the Lorentz ionized fraction of the neutral



deuterium beam for various energies. Only energies of up

to 200 keV have been considered since the charge exchange

efficiency becomes unreasonably low, less than 20%, above

200 keV. Assuming the initial ion beam can be made with

50% efficiency, an overall efficiency of less than 10% is

found at higher energies. If neutral beams are used for

steady state fueling of the reactor, then energies of up

to 1 MeV may be required for uniform penetration of the

plasma.6 Such beams cannot be made by the methods used

above, Rather one would start with a D beam, which can

be created at approximately 25% efficiency,7 accelerate it to

the required energies, and then use a gas cell to strip off

an electron to make ND°, The efficiency of such a stripping

process is about 90% at energies of several hundred kev.8
In addition to the Lorentz force considered above

there are several other effects operating on the beam which

change the ionization fractions given in Table VI. First

is the fact that as the neutral beam enters the magnetic

field some of the electrons may be excited to higher energy

states. By such a process electrons initially in bound states

too low for Lorentz ionization may be raised to states that

can be ionized. A competing effect is that of spontaneous

decay which causes excited electrons to drop to lower states.

Since the transition time for this decay is on the order of

lus for the n=9 state and varies as n4'5, there can be

considerable attenuation of the excited states.l For example,

the beam may travel up to 10 meters to reach the plasma, and



10

since the velocities are on the order of 5 x 106 meters/sec,
the time of flight to the plasma is 2us. This represents
two e-folding times for the n = 9 state. These two com- |
peting processes have been neglected in this study, but
would have to be considered in an exact calculation., Just
the same, compared to the charge exchange and beam formation
efficiencies, a Lorentz ionized fraction of several percent
is negligible. To increase the Lorentz ionized fraction to
several percent, from the calculated tenths of percent, the
net effect of the two processes must be equivalent to an
order of magnitude increase in the effective electric field.
This increase allows ionization of the n = 5 or 6 state
depending on the beam energy. Therefore unless the magnetic
excitation is a very large effect, the Lorentz ionization
mechanism does not seriously affect the beam at energies

below 200 keV,
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3 : i
n In/Ii for Various Beams and Energies

3

H+ D+ n"In/Ii
10kev 20kevV .20
20 40 .75
30 £0 .58
an 30 .34
50 inn .22
60 120 .17
70 140 .14

100 200 .07

TABLE III

e ——
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Principal Quantum Threshold Electric Field

Number of Excited State (10° V/cm)
5 6.5-9.0

6 3.4-5.4

7 2.0-3.4

8 1.2-2.1

9 .7-1.4

1n .49-.89

11 .36-.61

TABLE V

B T,



Beam Energy Lowest State Percentage of
(keV) Ionized Beam Ionized
20 11 .103%

40 10 .518%
60 10 L4419
80 o .379¢%
100 9 .285%
200 ] .340%
4n0 P 8
600 | 7
’00 7
1000 7

TABLE VI





