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HIGHLIGHTS 

1. The "INS International Symposium on Heavy Ion Accelerators and Their 
Applications to Inertial Fusion" took place at Tokyo in January 1984 and 
significant results of the LBL research and development were reported 
there. 

2. Results from the Single Beam Transport Experiment (SBTE), reported.at 
Tokyo, showed that stable beam transport in a 41-period AG lattice with 
single-particle phase advance per period, o = 60*, was possible 
with space-charge forces large enough to depress the phase-advance to 
o = 12°. We have since extended that result and have shown that depres
sion from a = 60° to o = 8° is still stable. 

3. Measurements of the Cs ion beam attenuation in the SBTE at different 
gas pressures, taken together with the different lattice acceptances for 
singlyand doubly-charged ions, have allowed us to measure both the elec
tron pick-up and electron loss cross-sections for Cs on nitrogen at 
160 keV. 

4. A large effort is under way to arrive at a conceptual reference design 
for the Multiple Beam Experiment (MBE), so that final engineering design 
and prototyping can begin as soon as possible. Questions such as quad
ruple dimensions, alignment tolerances (both from lens to lens within a 
single array, and from array to array), support, survey and alignment 
systems, insulator configuration, and the packing of the cores and 
modules, are all under intensive study. 
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5. The HBE design process has stimulated many detailed questions for the 
theory group and several important results have ensued. For instance, 
on the question of what magnitude of sextupoie component could be toler
ated in the lenses, computer simulation showed that, for a space-charge-
dominated beam, a significant, sextupoie term had essentially no effect 
if the beam remained on axis, but led to intolerable emittance growth for 
the practical case of an off-axis beam. 
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SINGLE BEAM TRANSPORT EXPERIMENT 

1. Introduction 
The Single Beam Transport Experiment is intended to investigate the long 

term stability of heavily space-charge loaded ion beam transport in an alter
nating gradient lattice, with the goal of characterizing stability thresholds 
and instability modes. The threshold information is of immediate interest 
in the optimization of the accelerator design for the proposed High Tempera
ture Experiment, as well as for longer term heavy ion beam-driven fusion 
development. The relevant parameters are the single particle phase advance 
per focusing period [a ) and the space-charge reduced phase advance (a). 
As current density increases, a falls toward zero. However, there is no 
experimental knowledge of whether a limit on a exists for stable transport 
(as conjectured by Maschke and as suggested by the idealized KV distribution 
function). 

In reporting on experimental data it is important to define the prescrip
tion whereby a value of phase advance is derived. The zero-current phase 
advance, o , is accurately arrived at by calculation from the quadrupole 
fields. To derive a, the measured rms emittance (multiplied by four) 
together with the measured beam current, are used in an "equivalent KV" 
envelope calculation to derive a numerical value of o. Such a definition 
corresponds to an rms a rather than a small-amplitude o appropriate to 
an exact KV envelope calculation. 

As of September, 1983, we had 82 electrostatic transport quadrupoles with 
uniform voltages after 5 matching quadrupoles so powered as to match the 
azimuthally symmetric gun output beam into the A.G. lattice. Diagnostics 
included a shallow gridded Faraday cup near the gun, a deep gridless cup at 
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the end of the lattice, and slits for measuring the emittance (the distribu
tion of particles as a function f(x,x'), where x is a transverse 
dimension). We also had installed a set of control grids just downstream of 
the gun to raise the emittance, and also a varaible attenuator to make possi
ble a less intense beam for measurement and comparison. 

We have carried out most of the calibration and exploratory program 
required and have completed much of the planned exhaustive cataloging of beam 
behavior as a function of a and a [see sub-section 4 belowj. 

2. Gas A t tenua t ion in SBTE: Measurement of Charge 
Exchange Cross Sect ions 

ijsing a small-diameter, low-current beam (o ~ a ) for which there was 
a large aperture clearance, we measured the current transmitted to the lat
tice end as a function of gas pressure and o . The beam was matched for 
o = 60°, with a near 50°, and measurements of current covered the 
range of o for which the beam passed through the lattice without inter
cepting the quadrupoles, no adjustmants being made to match it at other 
o settings. At. the base pressure for these measurements (4xlU Torr 
indicated), the current varied by only 1-2 percent over a large range of 
a , dropping only when mismatched so badly unat the bulk beam intercepted 
the quads. Higher pressures were obtained with a leak valve connected to 
open atmosphere. 

The total effective cross-sections for neutralization and second ioniza
tion (resp., O,Q and o,,) can be separately derived since, for low-o 
lattices ( a

0(Cs + ) <,60°, corresponding to o Q(Cs + ) <^18C"), the Cs + i : 

ions formed are also stably transported in the lattice, while for stronger 
+2 +'y 

lenses the Cs ions are unstable and, hence, lost. When the Cs is 
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also transported, the current at the end of the lattice increases by an 
amount proportional to a,o "in butj when both Cs and Cs are lost, 
it decreases in proportion to o,- + °10'< T n e r e s u 1 t s < shown in Fig. 1, 

+ —16 2 
for 160 kV Cs ions, give approximate values of " u ̂  °10 * 5 x l ° c m » 
the target gas being presumably N~, the predominant gas in the air leak. 
This implies that for our 13 m long system the effect of charge-exchange col
lisions with background gas will be in the 1-2 percent range if the indicated 
pressure is in the few times 10" Torr range. The effect of image forces 
on an intense beam can be at this same level for moderate to large aperture 
fill factors. 

3. Time of Flight Measurements 
We used the time of flight for the beam between two Faraday cups to 

cross-calibrate our electrical measurement of gun voltage, obtaining 158 kV 
±2 percent versus an electrical measurement of 160 kV ±1 percent. The time 
of flight also allowed us to characterize tht. mass species of the light con
taminants of our beam (total < •", percent). We found mass numbers correspond
ing to all fragments of Al-0, and Si0 2, and perhaps potassium. There 
is a time lag between the start of Cs emission and the light fractions of 
200-300 ns, which is just the time required for the Cs to get to the gria 
at the gun end. This indicates that the light ions mig.it be decomposition 
products from e~ back-bombardment of the source from the grid. 

4. Instabilities and Stability Limitis 
Envelope instabilities occur for settings of the focussing strengtn 

above o = 90° and for relatively small transported currents. The 
threshold current (as measured by a) for onset of instability was explored 
as follows. 
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Fig. 1. Relative current transmitted through 87 quadrupoles as a function 
of pressure at various voltage settings of the last 82 
quadrupoles. Constant I vs. p for VQ = 10 kV to VQ = 15 kV 
indicates no beam loss due to aperture limits. The 6 kV line 
initial slope of zero implies charge exchange cross sections to 
Cs° and C s + 2 are nearly equal. Calculated Cs' z ion 
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6 



By using 3.4 mA of beam current and applying & variable voltage to the 
emittance control grids, we measured the output emittance vs. input emittance 
for beams initially matched into a o » 120" lattice. Changing c fur 
a fixed a and fixed current I, has the effect of changing o which 
depends on e as v:ell as I. [Experimentally, it is easier to set I and 
scan a by varying e rather than changing I at fixed c ] Figure 2 
shows the sharp threshold for emittance growtii near o - 95° (calculated 
from l,e) and is given here as just one example of the type of threshold 
measurement we are making, though for a ~ 90* the eff-ct is not nearly 
as dramatic. This example is an extension of the 120* measurement reported 
in the FY 1983 year-end report. 

Another experiment made was to shadow out a slice of the beam in physi
cal space with a wire and measure the rotation of the shadow in the (x,x') 
plot to derive an independent estimate of the depressed phase advance, o. 
Various systematics make the measurement difficult to interpret accurately, 
but the measurements done so far give good agreement with the calculated 
a(e,I), as described earlier in sub-section 1. 

In an attempt to investigated beam behavior beyond the 60* > 12* result 
quoted last reporting period, we raised the current from the injector by 
shortening the gun structure. Unfortunately, non-thermal effects cau^e our 
beam emittance to be 5-6 times thermal estimates based on source temperature, 
and these effects scale so as to cancel part of the gain we made in current. 
They cause the unnormalized enittance of the beam to be roughly independent 
of gun voltage for a given geometry, and since the depressed o depends on 
the ratio or the unnormalized emittance to the gun perveance, changing the 
gun voltage and quadrupole settings together results in little change in o. 
The new values of current and normalized emittance at 160 kV are 23 mA and 
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Fig. 2. Measured output emittance 80 quadrupoles downstream from input emit
tance measurement for 3.45 mA Cs beam at 160 kV with o 0 ~ 120". 
Approximate depressed tune (a) values for injection emittance are 
shown on horizontal axis. 
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e - 1.6x10 ir meter radian. We have used a beam energy of 120 kV since 
January to avoid drawing too much current from our gun, which could cause 
depletion of the surface Cs layer. (This effect was seen on our older source 
with 6 months of service when used in the shorter gun at 160 kV, but not on 
the new one we installed in January 1984.) For stable propagation of a Cs 
beam with 120 kV energy, at 15.2 mA, and e^ = 1.4x10" » meter-radians 
and a m 60*, we have achieved a value of a » 8*. 

We have added the capability to measure beam emittance (horizontal only) 
at Q3S and Q59 of the 82 quadrupole array, and have also installed shallow 
Faraday cups after Q35 and Q60. In addition, we have improved all of our 
emittance scanning equipment to allow measurement of the entire (x,x') 
phase plane, well into the wings of the distribution. These diagnostics are 
now being used to monitor the emittance and current along the transport 
lattice. 

We have implemented an automatic data scanning system to allow detailed 
scanning of the density distribution f(x,x'). The data generated are stored 
on magnetic media to aid later analysis and graphical presentation. Some 
preliminary examples of this are shown in Fig. 3, though the analysis is not 
yet complete. 
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BEAM DIAGNOSTICS DEVELOPMENT 

1. Automated 2-Sl i t Scan 
In order to speed up the measurement of emittance, a system has been 

designed and built to control the positions of two narrow slits displaced 
longitudinally from one another in an intense Cs beam. The current pas
sing through the slits is detected by a large Faraday cup whose signal is 
acquired by a digital storage oscilloscope. The slits are moved by stepping 
motors. The entire system is driven under program control by a desktop com
puter (HP-85) which plots and prints the beam profile and transverse emit
tance data on its internal printer. A valuable feature of this computer 
control is the ability to acquire the emittance plot quickly by calculating 
the expected position of the final three points from the values obtained for 
the first two points. This reduces the real time required to acquire the 
data. 

This system was rur\ successfully on the SBTE, automatically acquiring 
and plotting a phase plot in 22 minutes, which is four times faster than the 
previous manual method. The work has been written up as an internal report, 
LBID-880. 

2. Optical Multichannel Analyzer with Scintillator 
and Pepper Shaker 
Because the EG and G Optical Multichannel Analyzer (OMA) has the capa

b i l i t y of acquiring a two-dimensional image of a Cs beam on a CaF-(Eu) 

sc in t i l l a to r we have constructed a "pepper shaker," shown in Fig. 4(a) which 

was installed in the midplane between Q80 and Q81 on the SBTE. A photograph 

of the transmitted beam on a sc in t i l l a to r between Q81 and Q82 is shown in 
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(b) 
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Fig. 4(a) Sketch of the "pepper pot" used with OMA-scintillator system on 
SBTE drawn to same scale as photograph. 

(b) Photograph of OMA output of scintillator image from "pepper pot" 
above. 
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Fig. 4(b). The circular-hole pattern is obviously elongated in the 

defocussing plane and contracted in the focussing plane as an effect of the 

strong focussing channel. An analysis of the positions and widths of these 

spots gives complete information about the phase el l ipse at that point for a 

single current pulse. 

I n i t i a l analysis of th is photograph gives good agreement with results 

from the standard slit-scanning methods used in SBTE. We are now planning 

to analyze this digi t ized information on the main LBL VAX computer and use 

the Dicorned d ig i ta l display to examine this information in more de ta i l . 
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THE NEUTRALIZED BEAM FOCUSING EXPERIMENT 

A d i f f i cu l t y encountered in the experimental study of the Robertson 

plasma focusing lens is ensuring that the electrons be suf f ic ient ly cold. 

Curing the previous reporting period i t was shown that grid neutralization 

yielded electrons with temperatures of about 40 eV. I t was determined that 

having an electron temperature of about 1 eV would help make data interpreta

tion easier as space charge effects would be minimized. This enhances the 

ab i l i t y to distinguish the focusing effect due to the lens which is sought 

from residual space charge effects. The idea that was t r ied for achieving 

lower electron temperatures was to shoot the beam through a low temperature 

plasma. 

A hot filamentary discharge was used to produce the plasma. Eight 

six-inch long, 20 mil tungsten filaments were placed around the beam axis, 

aligned parallel to the beam axis. They were placed about 1.25 meter down

stream of the grounding grid of the ion gun. Argon is puffed onto the f i l a 

ments, and a discharge voltage of from -50 volts to -300 volts is switched 

onto them. The gas breaks down due to impact of electrons that are emitted 

from the hot fi lament. A Langmuir probe was placed about 1 m from the 
Q O 

filaments. The plasma density indicated was ̂  8x10 cm and the elec
tron temperature was 2 eV. 

The Cs ion density is about 10 cm . There is no confinement, 
so the plasma density near the filaments is higher than the above number. 
The plasma density is proportional to the amount of gas puffed into the sys
tem as is the time to re-evacuate the system. The maximum plasma density 
quoted above arises from the requirement that at least .5 pulse per minute 
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data acquisition is achieved. The pulse-to-pulse variation is at the 10 
percent level when the plasma is on. 

With -this arrangement the beam density on axis was observed to increase 
by a 50 percent when the lens was turned on. Typical data appear in Fig. 5. 
The beam emittance was determined using envelope measurements and the spot 
size given by the 20 G case was within 30 percent of the best that could be 
expected. 

It is now clear that the collective lens focuses the beam. However, 
some of the quantitative details are still not consistent. For example, 
saturation of the beam intensity on axis has not occured even at B •= 40G. 
This should happen at about 8 = 15G if the theory based on Robertson's 
expression for the focusing strength is correct. Qualitatively, this pro
blem is attributable to the fact that the neutralization of the beam becomes 
worse as the magnetic field is increased. Consequently greater space charge 
defocusing occurs. Unfortunately, no quantitative theory of this effect 
exists as yet. 

Finally, when the plasma is on, a substantial fraction of the Cs is 
+2 converted to Cs . We are in the process of trying to eliminate this 

problem. The addition of yet another variable into the beam dynamics is sure 
to obscure interpretation of the results. 
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INDUCTION LINAC COMPONENT DEVELOPMENT 

In an effort to reduce the costs of an induction linac dr iver, our on

going program of component development has continued throughout th is report

ing period. The goal has been both to improve performance and reduce costs. 

There has been signif icant ef for t devoted to insulator development, switch 

tube development, and induction core development. 

1 . 2 0 0 kV Test Stand 
In order to be able quickly to carry out high voltage testing of compo

nents for the Multiple Beam Experiment (MBE), in a realistic environment, we 
have modified an existing vacuum tank with a 200 kV Marx generator by addinq 
on a large tank to the end. The intent of this arrangement is to have the 
interior of test insulators in vacuum and the exterior of the insulator sur
rounded by an insulating fluid such as Freon or SF,. 

We have also purchased a 200 kV DC hipotter to allow us to carry out DC 
high voltage testing as well as pulsed testing with the Marx generator. We 
have done only pulsed testing thus far, since the hipotter was delivered only 
in the last two weeks of the reporting period. The tests and results will 
be described in detail in the following sections. 

2. Insulator Development 

2.1 Polysll Model Insulators 

The 5 large insulators, manufactured by Polytech, Inc. of Redwood City, 

CA, which were described in the last semi-annual report were a l l found to 

have major vacuum leaks due to fai lures in the casting and molding process. 

The Polysil mix shrank away from the mold. The mold was not. f lex ib le and 
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this created cracks in the final insulators. Attempts to patch the leaks on 
several of the insulators were unsuccessful. 

Polytech then agreed to modify the mold, go to a more viscous Polysil 
mix and add a strengthening ring to the end flanges. This insulator assembly 
was fabricated and found to have 5 gross vacuum leaks. This insulator was 
then broken up by Polytech and the leaking regions examined. The cause was 
determined to be an insufficient bond between the stainless steel embedments 
and the Polysil. Because Polytech has had very good experience in bonding 
Polysil to copper and aluminum they feel chat if they prepare the stainless 
steel properly they will succeed. It was therefore decided to try grit 
blasting the stainless steel foil'. ed by a 4 hour cleaning in a neutralizer 
tank. The stainless parts will be coated with the cyanoacrylate bonding 
agent just before casting the insulator. We expect to receive this test 
insulator assembly by May 1. 

2.2. Re-X Insulators 

It has recently come to our attention that General Electric makes a 
glass ceramic insulator material called Re-X which is mainly used for vacuum 
arc interrupter housings for electric utility industry service. The housings 
are made by assembling the stainless steel embedments in a mold which is then 
filled with the glass material and spur to form the vertical wall thickness. 
The cast parts are then annealed in an oven to form the glass into a ceramic. 
This appears to provide a very attractive package for induction linac insula
tor use, and we have purchased six of the largest size that GE makes (see 
Fig. 6 [BBC 841-237]). 

We leak checked all of them and found only one which appeared to have a 
crack. We welded stainless steel conflat flanges to one of these and 
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Fig. 6. Photograph of Re-X Insulator 

19 



measured the vacuum outgassing rate of the material after vapor phase clean
ing in Freon and exposure to air for one hour. The results as shown in 
Fig. 7 indicate that the material is comparable to alumina in its unbaked and 
low temperature baked performance. This is an excellent result. 

We then set the insulator up on the 200 kV test stand described previ
ously and tested the voltage breakdown strength of the insulator with vacuum 
inside and SFg outside. In order to model induction linac service realis
tically we added skirts inside and outside to try to make the electric fields 
more nearly perpendicular to the insulator surface. He measured a full sec
tion of the insulator, 3 1/2 inches long, and then artificially "shortened" 
it by shorting out sections on the inside with a metal cylinder. The results 
are shown in Fig. 8. When considering these results it should be kept in 
mind that because the skirts were moved rloser to reduce the insulator effec
tive length, the electric field angle to the surface was not constant. 

The results were sufficiently encouraging that we have begun discussions 
with GE to see if they would be interested in making a larger size insulator 
for accelerator applications. They are presently considering this and we 
expect to hear from them in the near future. 

3. MBE ElectrostaUc Quadrupole Array 
In order to gain information on the voltage breakdown in vacuum of an 

electrostatic quadrupole array which has been proposed for HBE, a mockup of 

a one beamlet array was made out of electropolished stainless steel . A 

photograph of the assembly is shown in Fig. 9 [BBC 841-225]. The rods are 

2" in diameter and the aperture is 1 3/4". 

After conditioning and several days of outgassing the vacuum gap held 

130 kV without any glow discharge or x-ray production. The MBE quads are 
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expected to hold 80 kV reliably. The next set of tests would involve direct
ing an ion beam onto the electrodes, possibly using the SBTE, to see how much 
this degrades performance. 

4. Outgaselng Measurements 
A program and the necessary hardware for automating data-collection on 

our vacuum outgassing measuring system has been developed and debugged for 
an HP 85 desktop computer. A report on this development is in preparation. 
This improvement is expected to speed the acquisition of data for insulator 
material development. 

5. Switch Tube Development 
The pulsers are one of the components where an almost ideal solution 

exists in the form of a hard tube with feedback, which could provide the 
desired specially shaped accelerating voltage waveforms while at the same 
time eliminating jitter, presenting a low coupling impedance to the beam, and 
allowing a smaller core to be used due to its ability to be turned on and off 
rapidly. Unfortunately it is too expensive an option and the alternatives 
all are lacking in one or more of the attributes listed. For long pulses, 
(greater than a microsecond), we have been developing an ignitron pulser 
because it is a low cost and efficient closing switch able to handle kilor 
ampere currents and to pass coulombs of charge per pulse. The major short
coming of ignitrons for this application, jitter, was reduced to 50 ns total 
in a developmental gridded tube, but in the first long test of a 
representative module, the grid eroded and caused tube failure at 5x10 
pulses. This test was begun after successful operation of one tube driving 
a single induction core encouraged us to drive two cores in parallel. Now 
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we are life testing a one-core configuration again, and exs°ct much more than 
twice as long life. For pulses below 1 us, thyratrons ar superior because 
of their shorter risetime and nanosecond jitter. Both of these low pressure 
gas discharge switches have to be protected from large reverse currents; in 
our case this is accomplished with a series saturated choke which comes out 
of saturation and presents a high impedance when the current reverses. This 
protective device more than doubles the circuit leakage inductance and slows 
down the rise and fall times. Because the ignitrons and thyratrons probably 
can be made to meet the near term requirements, other pulser options, such 
as spark gaps and magnetic modulators have not yet been seriously considered, 
the first because of their more powerful trigger requirements, and the second 
because of their long delay time. 

We have recently obtained an ATA thyratron chassis from LLNL and are 
modifying it to allow us to see if the English Electric Valve CX 1538 thyra
tron used there could substitute directly for the failed ignitron. We also 
plan to investigate the possibility of using a second CX 1538 thyratron to 
carry the reverse current. 

6. Metglas Core Tests 

In collaboration with the Metglas Division of Al l ied Chemical 

Corporation we have been engaged in an ongoing program to engineer an induc

t ion linac core package which w i l l provide maximum performance at a minimum 

price. 

As part of th is program we have looked at several Metglas 2605 SC core 

structures which are quite different than the "standard" one. The "standard" 

package involves dip coating the as-cast ribbon with a col loidal s i l i ca pow

der, winding i t into a toroid and then annealing the finished toroid in an 
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applied magnetic field. The annealing process adds quite a bit to the cost 
of the finished core so Allied has made some cores from as-cast material 
which has been dip coated and spray coated (which is cheaper than dip 
coating) with colloidal silica powder. In addition, Allied fabricated a core 
which was annealed first and then rewound into a final core which was insu
lated with mylar. The results of core loss measurements done with our thyra-
tion pulser are shown in Fig. 10. 

The losses are almost the same in all cases, but the AB swing is 1.1 T 
for the as-cast material, and 2.0 T for the annealed and rewound material. 
The as-cast material is clearly not very desirable for induction linac cores 
whereas the annealed and rewound material is essentially as good as the 
"standard" core package. We are now planning to do a similar set of tests 
on Metglas 2605 CO which contains 18 percent cobalt in place of some of the 
iron in the 2605 SC. Although 2605 CO material is 50 percent more expensive 
than 2605 SC it also gives 20 percent more &B swing in DC hysteresis loop 
measurements. Our pulsed measurements made several years ago confirm this 
flux swing result. Please note that we have quoted the "material only" 
values here. They have been corrected to 100 percent packing factor. 

As an adjunct to this core loss measurement program we are planning to 
reactivate a thyratron pulser constructed several years ago to make measure
ments on these cores down to pulse lengths of a few hundred ns. 

7. Surface Ionization Sources 

Work on alumino-silicate ion sources continues. Na loaded zeolite has 

been prepared following a published recipe which involves mixing the zeol i te 

with molybdenum powder and sinter ing. Thermal emission l imits have been 

measured under these conditions and are found to be similar to those observed 
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from melted alumino-silicate. Variations up to a factor of five in the maxi
mum emission are seen between local spots on the same emitter surface. The 

2 + 
high emission spots achieve no more than 7 or 8 m cm of Na . More 
careful preparation may give uniform space charge limited emission from the 
sintered sources. If so, this technique will be used to prepare Cs 

+ 
sources for the single beam experiment. Na emission limits from alumino-
silicates have not reached the desired values for the MBE design. An alter
native approach of contact ionization on an oxygenated tungsten surface will 
be pursued in the next few months. 
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MULTIPLE BEAM EXPERIMENT (MBE) 

The preceding Semi-Annual Report (LBL-16789/UC-21/HI-FAN-231, for the 
period through September 30, 1983) summarized the conceptual design studies 
performed for a High-Temperature Experiment (HTE) and referenced a Laboratory 
Report (HI-FAN-229) that provided some detailed data concerning the induction 
1 inac for that facility. Work throughout the current reporting period 
accordingly has now been directed to design of a Multiple-Beam Experiment 
(MBE), intended to test as many of the physics and engineering features of 
the HTE as are possible on a relatively small scale. 

Attention is now sharply focussed on developing of a "Conceptual MBE 
Program Plan Report" for MBE by May 1984. The effort is intended to bring 
together the electrical and mechanical engineering designs into a compatible 
hardware example for MBE. Since the MBE apparatus will require a number of 
years for assembly, the incorporation of improvements in design as they occur 
are not at all precluded. A guiding test question in making MBE design and 
goal decisions is: "How does this relate to HTE " 

In making engineering decisions, which are compromises among conflicting 
requirements, the need for sensitivity analyses of the consequences of 
departing from ideal choices has led to considerable theoretical activity. 

It is recalled that the HTE visualized accelerating some 1.875 pcoulomb 
of Na ions, divided amongst 16 beams, from a kinetic energy of 2 MeV to 
125 MeV. The length of the injected beam was taken to be 25 m, and a com
pression factor of 0.4 led to a length of 10 m for the beam emerging from the 
linear accelerator. There is a recognized need for development of a high-
quality source of Na ions to serve as an injector with sufficient 
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intensity for these applications. Such developmental work is under way both 

at LANL and here, with frequent consultation between our Laboratories. 

The MBE simi lar ly would adopt 2 MeV as the injection energy. With an 

accelerator length of about 30 m, the f ina l kinet ic energy becomes limited 

to values somewhat less than 10 MeV (e.g . , to - 7 MeV for ions in the center 

of the accelerated bunch), but i t is intended that the acceleration f ie lds 

shall attain values toward the end of the accelerator that are as great as 

the l imi t ing values (<E > = 0.4 MV/m ) considered technologically suitable 

for the HTE. Some shortening of the pulse duration of course w i l l occur dur

ing acceleration, and a moderate amount of spatial compression should also 

be demonstrable, both contributing to the effect of current amplif ication. 

The transverse-focusing la t t i ce is intended to be of a design suitable also 

for that portion of a HTE accelerator wherein use of electrostatic quadrupole 

focusing would be appropriate. 

The re lat ively short length of the MBE requires that the injected beam 

be short compared to the length of the accelerator i f current amplification 

is to occur, and that, in consequence, the transportable charge in each of 

the 16 beam lines be considerably less than planned for the HTE. We seek, 

nonetheless, to have in the MBE a value of transportable current comparable 

to that intended for the HTE. The increased charge needed in HTE w i l l be 

obtained by increasing the i n i t i a l bunch length by a factor of three and is 

not considered to imply any essential physics or engineering uncertainties. 

Emphasis has been placed at present on a MBE design in which, for convenience 

and simpl ic i ty, the half-period of the focusing la t t ice is maintained con

stant throughout the length of the accelerator (L = 12 1/2 inch = 0.3175 m, 

with an occupancy n = 1/2). Such a design may be expected to be capable of 

transporting along the MBE accelerator a current that at injection is about 
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one-half that projected for the HTE, without exceeding the maximum envelope 

radius planned for the la t ter f a c i l i t y (-11 mm). By some reduction of the 

beam-electrode clearance in the comparatively short MBE device, moreover, 

currents substantially equal to those required in the HTE should become 

transportable. 

When the ion to be accelerated in the MBE is taken to be Na 

(desirable for practical achievement of desired target temperatures in the 

HTE, but not̂  optimal for an iner t ia l - f usion power-plant dr iver) , then a con

venient restr ic t ion of injected pulse duration to values no less than 2 usee 

(HQ = 8.2 m, for Na at 2 MeV) results in the development of some trou

blesome characteristics during the course of acceleration in the MBE. 

Specif ical ly, there necessarily develops a very pronounced difference of 

speed between particles at the head and t a i l of the beam when passing any 

given point, and this feature introduces, in turn, substantial restr ict ions 

on the beam intensity that can be stably transported. For this reason we 

have included in our HBE studies examination also of the more conservative 
+1 +1 

performance expected with beams of K ions (£ = 6.3 m) and Cs ions 

(J. = 3.4 m). For these lat ter ions the real ization of ion sources of 

useful intensity may, in fac t , be more readily achieved, and use of such ions 

accordingly may be expected to be convenient for much of the experimental 

work. 
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THEORY 

1. Design Question* for MBE 
At the present time a substantial body of data has been computed con

cerning the e lec t r ic - f ie ld characteristics of various specific configurations 

considered for the quadrupole focusing elements, and dynamical computations 

of the individual-part icle and collective motion of ions in such f ie lds are 

in progress. In parallel with such detailed studies of beam dynamics, a 

strong mechanical engineering act iv i ty is under way to study the possible 

physical lay-outs for the induction cores and focusing elements, and their 

e lectr ical exci tat ion. 

During early work on such layouts and on integration of the components 

into a complete system a number of topics requiring analytic and/or d ig i ta l 

calculations has received attention; more, no doubt, w i l l appear as the work 

progresses. For example, a succession of basic linac dynamics calculations 

has been made to examine effects of various constraints suggested by consi

deration of alternative physical layouts. These suggested constraints have 

included: 

(a) constant focusing-period length along the linac for mechanical 

modularity, hence simpl ic i ty; 

(b) constant applied focusing voltage along i t for electr ical 

s impl ic i ty, which later was found to be of l i t t l e cost con

sequence; and 

(c) smaller ra t io of focusing electrode radius to beam clearance 

radius, with a corresponding reduction of transverse beam 

separation; this would allow the 16-beam focussing array to 
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be shrunk in transverse dimensions which, in turn, would per

mit the insulator and inner diameter of the cores to be 

reduced and, hence, lead to cost savim,;. 

Some of these suggested changes, taken together with previously established 

desired beam and beam-clearance r a d i i , would reduce the current that could 

be transported; additional calculations, using dif ferent values of some 

parameters (e.g. , a at the beam bunch head and focusing packing-fraction), 

were made to determine how much of such reductions of capabil i ty might be 

recovered. 

A number of calculations were made to study effects of departures in 

realizable dimensions and f i e l d shapes from simple idealized forms, to iden

t i f y unacceptable effects, or to estimate tolerances required to make the 

effects acceptable. Examples of such work are br ie f ly summarized below. 

1. The effects on beam clearance of transverse misalignments of 

focusing-element modules were studied, and tolerances estimated. 

The most serious misalignments have Fourier space components with 

wavelengths comparable to the free-osci l lat ion wavelength 4»L/o0 

(L = la t t i ce half-period), as modified by image-charge force, which 

exist coherently for several wavelengths. Tnere w i l l be a range 

of such c r i t i ca l wavelengths, depending on the range of o 

between bunch head and t a i l , which in turn w i l l vary with beam 

intensity. I t appears that a tolerance of order 0.01 inch at the 

resonant wavelength is required to l im i t coherent beam displace

ments to 1 mm. 
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2. The effects of sixth-harmonic azimutha! components in focusing 

f ie lds , arising from departures of the ra t io of focusing electrode 

radius tc beam clearance radius from the optimum value, have been 

studied by simulation calculations. The present design radius for 

the HBE focussing electrodes (2.406 cm) was chosen to minimize the 

magnitude of non-linearit ies of the focussing f i e l d . Reducing the 

electrode radius would reduce the size, and therefore the cost, of 

the experiment, at the expense of introducing non-l ineari t ies. A 

part ic le simulation code developed by I . Haber of NRL was used to 

study the effect of these f ie lds on the transverse s tab i l i t y of the 

beam. The magnitude of the non-linear focussing forces was deter

mined using an electrostatic relaxation code, and the f i e l d thus 

calculated was used in the simulation. 

A study of the effects of the perturbing potential (<* r cos 

6e) introduced by halving the electrode radius showed s tab i l i t y of 

the beam, with no emittance growth, for a beam centered in a quad-

rupole channel. However, emittance growth was seen for off-center 

beams, of magnitude - 40 percent in 25 periods for a displacement 

of 5.5 ram (displacement in the "x" direction at the center, of an x 

focussing lens) and ~ 10 percent in 50 periods for a displacement 

of 2.75 mm. For electrodes of radius equal to 3/4 of the design 

radius, with AX = 5.5 mm, the emittance growth was - 10 percent in 

50 periods. Beam dynamics considerations therefore support the 

original choice of radius. 

Investigation of the effect of non-linearit ies using the simu

lat ion continues. Work is presently under way to determine the 

effect on the beam of end effects, which occur where positive and 
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/ 
negative arrays do not overlap longitudinally, of image forces,.^nd 
of non-linear forces due ' the asywsetry of the HBE array, as seen 
by a single beam. The scarcity of Class VI computer tine continues 
to restrict the scope and thoroughness of such studies. 

Estimates have been made of the total electric field of the several 
beams in the spaces between focusing regions, and of the transverse 
displacements of individual beams this field may produce. Two dif
ferent analytic field calculations, using boundary conditions 
approximating the actual geometry, were evaluated numerically to 
obtain the fields. For initial beamlet currents of orde'r 100-
200 mA the displacements are of order 1 mm or less, and could be 
further reduced, if necessary, by introducing additional conducting 
surfaces. 

Actual applied accelerati?>q fields will differ from the smooth 
waveform shapes derived from basic dynamics computations in two 
respects; they are applied stepwise in separated gaps rather than 
continuously, and the idealized shapes are approximated by a suc
cession of finite steps. The effects of *;iese differences are 
being studied using a new computer program, which will also be used 
to examine effects of switch misfires, timing jitter, and other 
imperfections. Information derived from these computations also 
leads directly to more detailed consideration of the subdivision 
of accelerating core elements within the different core modules. 
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2. Calculation of Non K-V Equilibrium Propartiaa 

The Kapchinskij-Vladimirskij (K-V) distr ibut ion of transverse coordi

nates and momenta is known to become unstable at high intensity, even in the 

l im i t of continuous focusing. This l im i t is an adequate approximation for 

a < 60*, and the matched envelope is round and constant in time, with 

f la t - top current density. Simulation has previously shown that unstable 

behavior of such a beam quickly quenches and a new, stable distr ibut ion 

results. The rms emittance of the new distr ibut ion is s l ight ly smaller than 

that of the original K-V. This behavior is predicted by an analytical calcu

lat ion based on the assumptions: conservation of net current, conservation 

of net transverse energy, and application of the equilibrium v i r i a l relat ion 

for axisymmetric distr ibut ions. The rms emittance of the K-V distr ibut ion 

is a maximum subject to these constraints.' 

In order to predict the actual emittance of the f i ns l (stable) d i s t r i bu 

t i on , a specific model distr ibut ion function is adopted. We have examined 

the two classes 

f x = NXH (E : - E) , 

f 2 = N 2(E 2 - E) H(E2 - E) , 

where E is a part ic le 's transverse energy (kinetic plus potential) and H 

denotes the Heaviside function. These distr ibutions satisfy the suff ic ient 

conditions for s tab i l i t y df/dE < 0 [which is violated by the K-V: f = 

N s(E Q-E)]. The coefficents N,, E,, N 2, E2 are determined 

from the K-V parameters by the constraints on current and net energy. 

The case f i is analytical ly soluble, with charge density 
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p(r) <* [l - I0(kr)/I0(ka)J 

where I is the modified Bessel function and K is a constant depending 
on initial tune depression. In the limit of very depressed tune [oloQ » 0) 
the final emlttance (c) is 

'KV • - * ( 4 -
while the edge radius (a) increases according to 

aKV £ \°o/ KV 

The analysis of f 2 has been achieved by an i terat ive numerical 

integration, [a non-linear boundary-layer problem is posed]. I n i t i a l (K-V) 

tune ratios have ranged from ahQ > 1 to .07, with maximum emittance 

reduction of 1.5 percent occurring at a/o * 0.4. As <J/O > 0, the 

variation is found to be 

- £ - * l -( .049)(-i) 

These numbers are consistent in magnitude with simulation results. 
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