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Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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 The large béam currents anticipated from the A-48 Accelerator suggest its possible

| application to the Sherwood program. One possible application considered here is_ 2

proposal to accelerate molecular ions to high energies for injection peripherallyl
into a mirror machine, and to exploit the fact that at the high energies available .
the various cross sections for the loss mechanisms ere falling off much more rapidly
with energy than are the cross sections for the gain processes. Taking as an example
a 250 ma Ho* molecular i<2m beam current it is shown that it may be possible to achieve
values for B = (BxnkT)/H* ranging from 1% to 100% in times ranging from milliseconds
to tens of seconds. The P's are achieved by injecting the beam into a mirror machine
containing a neutral gas density corresponding to & pressure of 105 m Hg to 5 x 10'75
mn Hg. The possibility of accelerating Do* ions in the A-48 Accelerator is also
discussed. :

It is well known that the charge exchange cross section for protons in Hz gas falls
off very rapidly with proton energy sbove 50 kev. At 100 kev it has & value of 10717
cm?, at 500 kev 10720 em?, and falling off inversely as the sixth power of enmergy
at high energies.2 The cross section for various processes involving opticelly
allowed electronic transitions on the other hand_should very as InE/E in the energy
range for which the Born approximetion is valid.? A sumary of cross sections versus
energy for several processes of this sort together with the charge exchange cross
section is shown graphieally in Fig. 1. The cross sections for the reactions of
interest here

(a) H* >H + H
(v) Hp* - H* +nH*

against collisions in both H, gas and ionized gases are not as readily available;
however, the similarity of these processes with those shown in Fig. 1 strongly
suggests they are of the same magnitude. For the purpose of this discussion the
cross section for each of the two processes above will be taken as equal and of the
same magnitude as processes (2) and (3) in Fig. 1.

The proposal, considered here is essentially an extension of the neutral beam proposal
of E. Lauer,” with the Ho* ion taking the place of lLauer's neutral H atom. The
reason for comsidering the Hot ion at these higher energies rather than neutral beams
is simply that large Hpy* ion beams are anticipated from the A-U8 Accelerator, whereas
the production of large neutral beams at high energies is limited by the very small
charge exchange cross section. The H™ ion would be equally applicable, but it does
not appear to be as readily available from the A-48 ion source as is the Hp* ion.
Also, reaction (&) may be of interest in providing a high energy neutral beam.

It should be noted that Luce has proposed the use of the molecular ion at more modest
energies, hoping to achieve the bresakup and trapping by passing the molecular ion
beam through an arc or electron beam maintained along the axis of the mirror machine.
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Consider first the most elementary process: the incoming Hz+ molecular ion beam
colliding with the neutral gas to give trapped protons, which in turn interact with
the neutral gas by charge exchange. If ngyy is the density of trapped high energy
“protons, we have (see glossary for definition of terms) -

dog; 3L
5t = § WgPoo1v - Dp1noggv (1)

the factor 3 arising from the fact that two H2+ ions will give three trepped protons
by (&) and (b). The solution of (1) is

3L % -ng, vt
nol=v—NgEI'o— l1-e 10 | (2)

Equation {2) indicates an equilibrium density independent of the neutral gas density
and proportional to the ratio of gein to loss cross sections. For the sake of an
example, assume the H2+ is directed into & mirror machine composed of two Mark I
drift tube magnets. To estimate the volume in which the ions are contained during
the buildup assume the ions are contained in a cylinder of radius equal to the radius
of curvature of the Hp* ion, end a length equal to one radius. Teke the path length
L of the molecular ion in the machine as three quarters of a circumference. In
principle this path length could be considerably longer but the angular tolerances
on the injected beem would probably be prohibitive. Sine in general it is desirable
to achieve equilibrium in as short a time as possible the neutral gas density is
increased until the mean free path of the incoming ion is comparable to the path
length in the machine. For a volume of 2 x 10° cm’ and & 250 ma ion beam the shortest
time to reach equilibrium is much less than one second. Table I summarizes the
equilibrium densities and B's in terms of the Hp* ion energies availsble from the
A-U8 accelerator for 5000 and 7500 gauss fields in the mirror machine.

Table I

| —— S e e e e e et e e e e - -~
Ha* Energy Equilibrium Equilibrium Equilibrium Neutral
, Density _ BnnkT Time Gas Pressure

, p = 72
D.C. Injector 120 kev 6x10%c 2x10° 1075 sec 5 x 1073 mm Hg
| (5000 Gauss)
VU Accelerator 1.2 Mev 1.4 x 10%° 1% 2 x 103 sec 5 x 1077 mm Hg

{5000 Gauss)

A Tank 3,7 Mev 3 x 10t 300 1/10 sec 5 x 107 mm Hg

(7500 Gauss)
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The advantage of higher energies is obvious from Teble I. The values for § listed
in Table I are interesting, however a § = 1 at the A4 accelerator energy would be
desirable if possible. To achieve these ion densities several mechanisms suggest
themselves, many of which heve already been considered by Lauer. If, for example,
we assume that as the hot ion density builds up other cold ions or electrons are
available to serve as collision centers for the Hy* ion beam an exponential buildup
of ion density is possible. If we assume that for each proton trapped there is one
new ionized collision center we can add an additional term to equation (1),

dng; 3L 3L i
T = ¥ MooV - mopnoiov + § Ngho0o3(4)V (3)

which has the solution,

2L N yno =
gé Nynooy o ¥ Ngool(+) - DOLO VE ()
Vv Ng%1(+) - P10

noy =

If (SL/V)Ng001(+) > nop en exponential buildup is possible. If we ask that ngj be
no greater then a tenth (3L/V)Ngogy(,) end agein consider the 250 ma case at the
N4 accelerator energy a neutral gas pressure of 5 X 10’8 mm Hg will allow a buildup
to a B = 1 approximately in 80 seconds. This time is very short compared to the
coulomb scattering through the mirrors which at these energies and densities is on
the order of 107 seconds. .

One might also consider the charge exchange of trapped protons with the incoming Hg+
beam. Such a process would result in the loss of the original proton but the gein
of two new protons, Yéth & net gain of one; if the cross sectlon for such & process
were as large as 10~ cm? it would lead to results similar to those of the previous

peragraph.

As the high energy trapped protons churn through the neutral gas they leave behind a
wake of cold Ha* ions which in turn are broken up into protons by processes (a) and
(b). 1If we neglect for the moment the fact that these cold ions are scattered out
of the mirrors by coulomb seattering, and write Degp+ FOT the density of cold Hp*

ions and ncﬁ+ for the density of cold protons, we have

d‘nCHZ+

at  ~ Bo19a01Y " Pen,+™a10Ve (5)
dnep+ |
~3t — = JP018cH,+9b01Y - Bl BOploVe (6)

Taking ng; as constant we can integrate (5); because of the large g1 cross section
{(on the order of 10-15 cm2)2 Dep,+ Will rapidly come into equilibrium. Inserting

this equilibrium value for ngp,+ into (6) and integrating, we have, again in
equilibrium,
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20 2 /. \2 g
201" (¥ %201 Eb0l
s - 2 (1) o 2 o

cHt = 1 9210 %10
Taking values 901/ %610 £1, 9,01/ %10 = 5 ¥ 1072, v/vc ~ 2.5 x 102, (7) reduces to

Ben+ y Pol ,
an—— Qe 8
noy 1 ( )

If we consider again the case of theN/U4 accelerator beam coming into equilibrium with
the neutral gas at a neutral gas pressure of 3 x 10~° mm Hg (a = 1012), then, from (8)
n.g+/No;  102; with such a density of cold ions interacting with the Hy+ beam a

B = 1 would be achieved in another 1/10 second. But this result is unressonable of
course because of the neglect of the coulomb scattering.

Garran6 has suggested that the stability of these cold ions against coulomb collision
may be enhanced by the simultaneous application of the rf heating method currently
-under consgiderstion. - It would be hoped that this would allow & buildup toa pf = 1

in times on the order of seconds.

These suggestions are intended to be considered primarily as a possible starting
mechanism, thet having achieved a high B at these high energies one would return to
a low energy neutral injection in order to sustain the reaction.

‘These order of magnitude considerations seem to be sufficiently promising to warrant
s more deteiled study, in particular the effect of exchange of energy between the hot
and cold components of the plesms end its effect on the buildup times.

Possibility of Accelerating Dp* Ions in A-48

The discussion so far has been limited to the Hp' ion which could be accelerated in

A-48 in the same fashion as is the deuteron, the ion for which the accelerator was

designed. But since the Dyt ion is of primary interest it is interesting to specu-
. late on the possibility of accelerating this ion in the A-48 accelerztor.

The most straightforverd approach would be to double the injection energy and acceler-
ating gradients throughout; however, the possibility of meaintaining such gradients
is extremely remote. The accelerator is intended to provide a 7.5 Mev deuteron, but
if a deuteron were to come through as a 2 B\ rather than a 1 BA particle, it would
have half the velocity or one-fourth the energy, i.e. 1.85 Mev. Requiring only one-
fourth energy would allow, in principle at least, for acceleration at one-fourth the
design deuteron gredient. This would suggest accelerating Ds* ions at half deuteron
- gradient. A more detailed analysis teking into account the reduced efficiencies of
the accelerating geps at these lower velocities indicates Dp* ions could be acceler-
ated in a phase stable fashion as 2 BA particles through A and B sections, providing
the gradient in the A section were twenty to thirty per cent over the design deuteron
gradient, and were about len per cent less than the design deuteron gradient in the
B section.

To accelerate Dz+ iones through the A and B sections as 2 A particles requires the

e o
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proper ion velocity from the AL accelerator. The nature of the A4 accelerator is
such that the gaps be spaced odd multiples of BN/2; the problem is then to find a
combination (2n + 1)pA/2 which will provide the proper veloéity consistent with
reasonable requirements on the d.c. injector. A suitable phase stable configuration
throughout, pending a more detailed study with the differential analyzer, is one in
which the first paddle is operated as 5/2 B\, the second as 7/2 BA, with 115 kev D"

injection. The block diagram below summarizes the various Dyt energies that would be
available.
D.C. N A B
Injector Accelerator Section Section
115 kev 500 kev 1.8 Mev | 3.75 Mev

The focusing requirements for Dyt ions are somewhat less encouraging though not
impossible. Solenocidal focusing fields of 12 kg up to the A section and tapering
upward to 14 kg at the entrance of the B section, then tap?ring dovnward through the
B section, seem to be indicated. The magnetization curves' for these drift tube
magnets together with previous experience with high fields of this sort indicete
they could be achieved if sufficient magnet power were aveilable. An exception must
be made for the first six magnets in the A section which apparently will saturate
near 11,000 gauss. Two or three of these magnets would need to be replaced to
achleve adequate focusing in this region. If a new accelerator were to be built to
exploit this method a strong focusing system would seem to be indicated.

| GLOSSARY

Equation (1)

1§

density of trapped hot protons

path length of the Hp" beam in the reacting section
volume of the reacting section

number of ions per unit length in’the H2+ ion bean
neutrel gas density

cross section for H2+ breakup iﬁ Ho gas

velocity of hot ions

cross section for charge exchange of protons in Hy gas

SECRET
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Equation (3)

O01(+) = C¥O88 section for H,* breakup in ionized gas

Equations (5) and (6)

0‘&0 1
9210
%01
910

Ve

= cross section for lonization of Hp, gas by fest protons
= cross section for charge exchange of cold H2+ ions in Hy ges
= cross section for breakup of Hp* by fast protons

= cross section for chsrge exchange of cold protons in H, gas

velocity of cold ions
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