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Abstract

This report presents the results of numerical modeling of the electron beam 
generation, transport, and conditioning in the Sandia accelerators RADLAC. IBEX, 
and RLA for the year 1989. The codes used were the particle code MAGIC, the 
trajectory code TRAJ, and some preliminary work with the 3-D code Quicksilver. 
The results are mostly in the areas of injector design, beam propagation in IFR 
channels and 69 cells, and emittance measurements. The energy range of these 
electron beams is from 1 MeV to 20 MeV.
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I. Introduction
As in previous years it seems appropriate to summarize the recent computer 

work relevant to Sandia's electron beam accelerators RADLAC, IBEX, and RLA.16 As 
before, the purpose is to organize and document the large number of simulations with 
MAGIC and TRAJ which were done in support of the ongoing experimental research 
and development for these devices. The work was done in collaboration with a number 
of people, primarily M. G. Mazarakis and C. A. Frost (1242), who suggested many 
problems and provided much input and feedback. Others who provided suggestions and 
input include M. Buttram (1248), R. C. Platt (SAI), T. W. L. Sanford (1231), J. T. 
Crow (1241), S. Shope (1242), J. R. Freeman (1241), and R. Coats (1241).

The continuing quest for a good RADLAC injector is discussed in Sec. II, where 
the emphasis is on going to higher voltages via the Helia/Hermes III technique of 
voltage addition. In Sec. Ill we discuss calculations for all four of the present 
candidate diodes for RLA; the main new feature here is the use of ions to control the 
electron focus in B7-free apertured diodes.

Since the goal of these machines is to produce a good-quality beam, methods to 
measure beam emittance are of great interest; in Sec. IV we discuss calculations which 
illustrate the advantages and difficulties of several of these methods.

The complex issues of beam propagation and acceleration in IFR channels and 
Bq cells are considered in Sec. V. Some MAGIC simulations for the high-current 
Hermes II and Hermes III beams are also discussed in this section.

Some early simulations of a possible RHEPP diode are summarized in Sec. VI. 
Only some basic diode designs are discussed; rep-rate considerations are not included.

Finally, in Sec. VII a few preliminary runs of off-center electron beams near 
current-carrying wires and passing through accelerating gaps are shown. The results 
here are somewhat inconclusive, partly because some aspects of the code needed for 
such problems are still under development, and partly because of the considerable 
expense of running realistic geometries.

II. RADLAC Injectors
There are several advantages to using a higher-voltage diode in RADLAC, 

including a stiffer beam and fewer accelerating gaps and field coils. We begin with the 
present 2-feed, 4 MV system and then consider the upcoming 4-feed. 8 MV injector. 
Then we show some runs (diode only, individual feeds not calculated) for a 16 MV 
injector which would eliminate the accelerating gaps entirely; this is sometimes referred 
to as the "SMILE" RADLAC. Finally, a large-radius immersed IBEX diode is briefly 
discussed.

A. RADLAC 4 MV Injector
The setup for the MAGIC runs is shown in Fig. la. The goal here is to match 

the experiment as closely as possible, including the applied B field of 12 kG in the 
beam region, the measured input V(t) in each feed (Fig. lb), and a 200 kV/cm emission 
threshold on the cathode. An electron map at t = 37.5 ns, when V(diode) is peaked at 
about 3.5 MV and is slowly varying, is given in Fig. Jc.
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The simulation in Fig. 1 used 46,000 cells, 24,000 electron rings (at a typical 
timestep), and 9 hours of Cray time. One of the goals is to study the time-dependence 
of the leakage current (7 kA in Fig. 1c); to aid in this a particle movie over the whole 
pulse was produced. The movie shows no loss to the insulators in the feeds, although 
electrons at early times do hit the left-hand metal prong near feed 1. That there must 
be some leakage in this type of injector is due to the fact that B7 decreases back from 
the cathode tip (Fig. la), so that there is a region between Bz-insulation and 
self-Bg-insulation where the B lines spiral outwards, allowing electrons to follow these 
lines to the metal separator (Fig. 1c).

Although the A-K gap (1.6 cm) region is not very well resolved, the simulation 
and movie do show production of a reasonably good 40 kA beam exiting the rhs of 
Fig. 1c. The beam emittance, due to cyclotron oscillations, can be improved with a 
stronger applied B.

B. RADLAC 8 MV Injector
The problem setup is given in Fig. 2, which shows the 4 feeds and a B line for a 

"steady-state" run with 2 MV/feed, 8 MV total diode voltage, 6 cm A-K gap, a 50 kA 
beam (not annular) with 25 kA leakage to a metal divider. The time-dependent runs 
used the V(t) in Fig. 3, where (a) is the input per feed and (b) is the total V(diode).
The results are summarized in Table 1 and illustrated in Figs. 4 and 5. The main 
variations are in applied B strength and cathode emission threshold. As seen in Fig. 3, 
the 4 feed voltages, which peak at 2 MV at 30 ns, add up at the A-K gap to give

Table I. Summary of RADLAC Injector 4-feed MAGIC runs; 
all cases with A-K gap = 6 cm.

Ethr = cathode emission threshold

Case E«hr V(t) BgaP
7.

jmax Inax 'I eak

Output
beam
quality

Early
leakage

3 10 kV/cm Steady 8 MV 20 kG 50 kA 25 kA ok
4 10 kV/cm Fig. 3,

Peak 7 MV
20 kG 43 kA 24 kA ok ~ 1 kA max

5 10 kV/cm Peak 6.7 MV 13 kG 50 kA 18 kA Poor ~ 1 kA max
7 200 kV/cm Peak 6.4 MV 20 kG 43 kA 24 kA ok 300 A max(insul)

a peak of 7 MV at 43 ns (this is a large system). In Fig. 4a for B7 = 13 kG (at 
A-K gap) and low emission threshold (case 5, Table I), note that at early t = 7.5 ns 
about I kA is being lost to various places because the beam current Ib has not grown 
enough to establish self-Bg insulation on the shank. This loss only lasts a few ns, 
however: by 15 ns the only loss is to the metal divider as in Fig. 2. The movie for 
case 5 shows the fast onset and decay of this early loss, and also shows a nearly
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unchanging flow pattern after about 20 ns; the late-time flow is shown in Fig. 4b 
(compare Fig. 2).

If Bz (gap) is increased to 20 kG (case 4, Table I), nearly the same result is 
obtained (compare Figs. 5a and 4b) except the loss is increased slightly during the main 
part of the pulse, and the output beam has better quality (lower g|). The leakage 
during the main part of the pulse is 24 kA, again to the metal divider. The most 
realistic case (run 7, Table I) at 200 kV/cm, 20 kG is shown at 30 ns in Fig. 5b. The 
basic result near peak voltage is about the same as case 4, Table I, but in this case a 
careful analysis of the early-time leakage was done, calculating losses to insulators and 
metal dividers, as shown in Table II.

Table II. Details of early-time leakage for run 7,
Table I (Fig. 5b) with threshold 200 kV/cm

At Leakage to insulator Leakage to metal

0 - 10.5 ns none none
10.5 - 12 ns 307 A none
12 - 13.5 ns 285 A 1.0 kA
13.5 - 15 ns none 2.2 kA
15 ns - none 24 kA max

The maximum electron energy to the insulator is about 600 keV. The rearmost part of 
the cathode shank never turns on for this threshold (compare Figs. 5b [case 7] and 5a 
[case 4[). Again, a movie made the details easier to visualize.

A numerical problem with these "whole injector" runs is that the A-K gap 
region is not well resolved, so that the output beam properties may not be calculated 
accurately. To check this, a model for part of the injector was developed, and a case 
for B7 (gap) = 19 kG is shown in Fig. 6. This model is a compromise between 
simulating the whole injector. Figs. 1-5, and simulating only the diode (see below). 
Only feed #3 (Fig. 4a) is explicitly included; the other voltages are applied from the 
ends (4 MV Ihs, 2 MV rhs) as shown. The time-dependent aspects are not included; 
these cases were simply run until an 8 MV steady-state was reached. In Fig. 6, the 
output beam is 57 kA with = 0.07 and the leakage is 26 kA. Comparing Fig. 5a, 
the results are qualitatively the same, but there are some differences: in the better- 
resolved Fig. 6, the V(max) = 8 MV is higher, leading to higher Ib = 57 kA and 
consequently a thinner sheath on the shank. The output is slightly lower (but the 
beam is not phase-mixed). Reducing Bz to 12 kG has the effects of increasing Ib to 
63 kA while decreasing the leakage to 20 kA (same V and I[total]); while beam quality 
suffers somewhat, the difference is not drastic and the emittance is better than in 
Fig. 4b (13 kG), showing that some of the output emittance there was numerical in 
origin. Finally the case in Fig. 6 was repeated with smaller gap = 4 cm and lower 
applied V = 6 MV (total); the flow appears almost identical but Ib decreases to 45 kA 
(steady state), and the leakage also decreases (20 kA); beam quality improves slightly.
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The best possible resolution of the A-K gap is obtained by simulating the diode 
alone with a uniform applied B7. Figure 7 shows the results for B7 = 19 kG (7a) and 
13 kG (7b). Figure 7a agrees well with Fig. 6, suggesting that the resolution (spatial) 
in the latter "partial" model is adequate for predicting beam properties. However, 
some care must be used in comparing output beam emittance (i.e., and radius) in 
these figures, because the beams are not yet phase-mixed. Figure 7b at the lower B7 
clearly has larger radial oscillations and a thicker shank sheath. The contributions of 
the shank in Figs. 7a and 7b are 60% and 73%.

C. RADLAC 16 MY Injector
The rather complicated setup for MAGIC runs of the 16 MV RADLAC 

"SMILE" injector is shown in Fig. 8a. Here we assume that the 8 feeds have produced 
a flat-top voltage of 16 MV. There is an applied Bz, but it is only local, near the 
cathode tip; its purpose is to focus the beam through the aperture and spin it up so that 
the angular momentum will prevent beam loss to the wire. The "cell" past the thin 
anode foil is a combination gas and wire cell; the gas for charge neutralization and the 
wire (carrying an externally applied current Iw) for centering and focusing. In MAGIC, 
the gas was modeled simply by setting E = 0, and the wire by a perfectly conducting 
metal boundary a few cells in radius which contributes a Bq = //0Iw/2nr. From Pq 
conservation we can estimate the wire size needed so that most of the beam cannot 
reach the wire surface.

A typical steady-state result is given in Fig. 8b. Here the aperture radius 
rap = rk = 0.96 cm- The beam current which propagates through the cell is very 
sensitive to rap; in Fig. 8b about 60 kA hits the aperture, while for rap = 1.14 cm only 
1 kA is lost. The total diode current for V = 16 MV, gap = 16 cm is 137 kA; for the 
case shown we obtain 40 kA beam, 60 kA loss to aperture, 7 kA loss to the wire, and 
29 kA radial leakage. The 20 kG field in the A-K gap seems nearly optimal; for 10 kG 
about 110 kA hits the wire (Pq too low), and for 30 kG the radial loss is 44 kA.
Clearly, larger Bz is better than smaller.

The output beam = 0.24, about as one expects since (vC0f/Y),/2 = 0.20. 
where = 1^/17 kA. The value of Iw = 20 kA in Fig. 8b; this seems sufficient since 
if Iw = 10 kA we obtain a beam radius in the cell which is too large (a few electrons 
scrape the wall); on the other hand the output beam is cooler, = 0.16.

We emphasize that this RADLAC injector is speculative, and there is no plan as 
of January 1990 to try it in the lab. However, the simulations look promising, and the 
success of the Helia and Hermes III voltage adders suggest that the SMILE approach is 
worth pursuing.

D. IBEX Large Immersed Diode
We include this topic here since it is basically similar to the RADLAC diodes 

(annular and immersed). Figure 9 shows a MAGIC run at Bz = 16 kG (uniform), with 
V = 3.5 MV and the resulting lb = 23 kA (out at P| = 0.14 but not phase-mixed). 
The output served as a source for some IPROP runs by D. Welch (MRC), to see how 
such a beam could be conditioned in a Bq cell.
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A problem with this diode is the large Pq; after extraction from the field the 
rotation would be c/2. And. we cannot decrease B7 much; rerunning with Bz = 10 kG 
leads to much larger radial oscillations and a few kA loss on the aperture.

III. RLA Injectors
There are four basic candidate diodes being considered as the injector for the 

RLA.7 In this section we describe recent simulation results for each type.

A. Foil/Aperture Diodes without Bz
The MAGIC run in Fig. 10a illustrates the difficulty of explaining the 

experimental result of 15-20 kA out the IFR channel of a RLA foil/aperture injector. 
The simulation is set up like the experiment as closely as possible, with a 7 cm 
A-K gap, 3.7 MV applied, and an aperture (rap = 1.5 cm) and thin foil separating the 
vacuum diode from the IFR channel (needed to transport the beam to the racetrack7). 
Only 5 kA is produced as beam current (out of 56 kA total).

One possible explanation is that there is somehow a plasma formed in the 
A-K gap. Figure 10b and Table III show that if this plasma density is 1.5 X 10'2 cm 3 
to 2.0 X 10'2 cm 3, then Ib(rhs) will match the experiment.

Table III. Effect of gap plasma on output beam for experimental
RLA-IBEX injector

Parameters: gap = 7 cm, V = 3.7 MV, 
rap = 1.5 cm, I(total) = 57 kA

ns?Ppi as I (to aper.) I (rhs) Pi (at f<

0 28 kA 5 kA 0.12
1 X 1012 34 kA 10 kA 0.27
1.5 X 1012 35 kA 14 kA 0.32
2 X I012 36 kA 18 kA 0.36
1 X 1013 42 kA 35 kA 0.45

The effect of the plasma ions, after the plasma electrons have been blown away, 
is to reduce the radial E field, allowing Bq to focus more of the beam through the thin 
foil. Another possible explanation is shown in Fig. 10c; here we have merely reduced 
the A-K gap, causing more current to be emitted from the cathode tip and pass through 
the foil. Physically, it is difficult to justify either explanation: there is no obvious 
mechanism for producing a gap plasma during the voltage pulse, and the physical gap 
is 7 cm. with presumably negligible closure.

Inclusion of the complete shank does not seem relevant to the main issue here, 
so we now look only at emission near the small-radius cathode tip. The run in Fig. I la 
(vacuum everywhere) reveals the same problem as Fig. 10a: most of the current (23 kA 
total at V = 4 MV) hits the aperture. Again, gap closure can resolve the problem 
(Fig. 1 Ib), but begs the question.
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The key here seems to be the emission of ions from the aperture. This seems 
reasonable since at early times the beam will deposit considerable energy into the 
aperture surface (Fig. 1 la). For the MAGIC run of Figs. 12-14, we used the 
experimental V(t) as input (Fig. 12a), because the problem is clearly a time-dependent 
one. The output beam current vs. time in Fig. 12b shows that a peak of 20 to 30 kA 
can be produced by including ions (protons) emitted from the aperture surface. The 
details of the system behavior are best seen from the particle movie, showing electrons 
blowing out radially at early times before the ions have crossed the gap (Fig. 13); then 
pinching in almost to the aperture opening as in Fig. 1 la and holding there until the 
ions fill the gap; and finally focusing through the opening in the aperture (partially 
covered by a thin foil) and propagating along the IFR channel (Fig. 14). The beam 
current fluctuates, then decays with the voltage (Fig. 12b). The maximum beam 
current is 28 kA, the maximum ion current is 800 A (at 27 ns).

The mechanism for the oscillations seen in Fig. 12b is apparently a relaxation 
oscillation; after the first beam focusing the ion emission decreases and the beam 
defocuses, increasing the ion emission again and leading to more focusing. An obvious 
question concerns how many ions are needed to cause the beam focusing. Several runs 
were made varying the emission area on the aperture surface; for an outer emission 
radius of 3.2 cm or greater, the focus occurs; for 2.4 cm or less, it does not. Going to 
a very large emission radius does not change the results of Figs. 12-14 much; 
apparently adding ions at large radius does not affect the beam dynamics appreciably.

For this type of diode, ions are generally important, but the details of their 
effects may vary considerably for different parameters. Figure 15a shows a MAGIC 
run of the RLA I MV diode with A-K gap = 2 cm without ion emission from the 
aperture. The result is about 8 kA total, with only 700 A down the channel. Adding 
ion emission from the aperture out to r = 5 cm still does not focus the beam 
(Fig. 15b), although I (total) increases to 11 kA, lb (rhs) = 1.3 kA, with I| = 280 A 
(steady state run). Opening the A-K gap to 3 cm does not change the result much, 
whether or not we include a thin foil across the aperture opening, as in Fig. 15c.

Later experiments with the 1 MV RLA diode employed a smaller gap and larger 
cathode radius. As seen in Fig. 16a (no ions) and 16b (with ions from aperture in
0.8 < r < 2.0 cm), some current propagates even without ions (simply because of the 
large cathode tip area and smaller gap), but the ions still have important effects: over 
twice as much current propagates in Fig. 16b. By going to still larger cathodes one 
might obtain the desired beam currents without needing ions, as seen previously in 
Figs. 20 and 21 of Ref. 1, or Fig. 10c here.

B. IFR Diode
By "IFR diode" we mean a system without Bz when the IFR channel is 

preformed by a laser and extends all the way to the cathode tip. Figure 17 shows an 
example at 4 MV, 48 kA (total) with an 11 kA beam propagating. Here the 
A-K gap = 2 cm and r(channel) = r(aperture) = 8 mm, with nch = 2.75 X I0n cm 3. 
Note that Fig. 17 looks much like Fig. 16a; in fact the only real difference is that the 
plasma (heavy ions) extends into the A-K gap in the "IFR" case. (Of course the latter 
IBEX case has much higher voltage and current.) From nch, we expect fe = 0.25 if all
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plasma electrons are expelled, and we obtain nearly this value in equilibrium, 
fe = 0.22.

A variety of parameter variations were performed, including varying the 
A-K gap, cathode geometry, aperture size, channel density and radius. The basic 
results are as found for the plasma-in-gap runs, e.g. Fig. 10b; the output beam is quite 
sensitive to these details (e.g.. Table III), because the presence of ions in the A-K gap 
strongly affects the beam dynamics there. Probably the real question here concerns the 
experimental "tunability" of such a diode, and we might expect the problems of 
alignment and azimuthal symmetry to be crucial in producing a good beam.

C. Re-Entrant Non-Immersed Diode with Bz
We turn now to "cold" injectors using an applied B7 to focus the beam into the 

IFR channel. Probably the most promising non-immersed injector setup is shown in 
Fig. 18a. This system is under construction as of January 1990. Voltage waves of 
about 1 MV each are fed into the four feeds. The addition of these waves was studied 
with and without beam formation and appears to work well; the total diode voltage 
vs. t using the experimental input feed voltages is shown for a case with beam emission 
in Fig. 18b. Note that V(diode) is roughly flat and above 4 MV for 30 < t < 60 ns. 
According to Jason runs, the electric stresses on non-emitting surfaces are acceptably 
low. The magnetic field (Fig. 18a) is produced by coils inside the anode stalk. The 
flux linking the cathode, while not zero, is low enough (< 100 G) to preclude beam 
rotation problems. The peak B7 on axis is about 1.2 kG, and this field leads to a nice 
focus for a 10 kA beam (Fig. 18c). The IFR channel into which the beam is focused 
begins at the thin foil at z = 122 cm. For the case shown, rch = 2 cm and 
nch = 8 X 1010 cnr3 (sharp-edge, uniform channel).

Although this problem is treated by MAGIC as a time-dependent one (because 
the input V varies in t, primarily), for 30-60 ns conditions are steady enough that one 
can reasonably define potential lines, as in Fig. 18d. Note that 4>(z) across the main 
20 cm A-K gap is not linear; we will discuss this point further below.

The run shown in Fig. 18, though interesting and perhaps necessary, took over 
three hours of Cray time. For parameter and optimization studies, it is unnecessary 
and uneconomical to use MAGIC, so for these we isolate the beam region, apply a 
steady voltage of about 4 MV, and use the trajectory code TRAJ. A typical case is 
shown in Fig. 19, where parts (a)-(c) show applied potential lines and general setup, 
applied B lines, and a set of trajectories (one in five is plotted).

The only electric field boundary condition which is not obvious is the applied 
gap voltage <J>g(z); see the upper left comer of Fig. 19a. It was mentioned in 
connection with Fig. 18d that 4>g(z) is not linear, so code studies were done concerning 
the sensitivity to this assumed function. In view of the "Pierce insert" studies of last 
year (Ref. 1. pp. 4 and 5). it should not be surprising that there is some sensitivity to 
<f>g(z); changing it from linear (constant E7) to a function approximating that in Fig. 18d 
(potentials compressed toward anode), reduces Ib from 10.5 kA to 8.9 kA for a 
particular set of parameters; thus for our TRAJ model we used the "realistic" <t>g(z), as 
in Fig. 19a.
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The applied B lines in Fig. 19b are approximately the same shape as in 
Fig. 18a. but the magnitude is weaker (628 G in the flat part, on axis; 33 G at the 
cathode). This is partly because the "focal length" (i.e., distance from cathode emitter 
to foil) is about twice as long in Fig. 19, and partly to illustrate how the beam expands 
before focusing if the field is too weak (Fig. 19c). In Fig. 20 we show a trajectory map 
for conditions matching the MAGIC run of Fig. 18 fairly well, except that f = 1 in the 
IFR channel, and d = 17 cm. Comparing Figs. 18c and 20, the flows differ slightly, 
but the current and output beam quality agree rather well. (The beam quality 
agreement is somewhat fortuitous since the TRAJ run follows the beam in the channel 
far enough for phase mixing to occur, whereas the MAGIC run clearly does not.) The 
final TRAJ value of = 0.21 in Fig. 19c is slightly higher than the equilibrium 
(\>f/y)1/2 = 0.17, but the agreement in Fig. 20 is quite good (3| = 0.25).

The case in Fig. 20 is near optimum in terms of the desired beam produced. 
Many parameter variations about this case were run, and some variations were made 
about the longer-length case in Fig. 19. Of course one type of variation is of the 
numerical parameters, to check zoning, number of trajectories needed, etc. The most 
significant physical variations were probably of the voltage and applied B. Here we 
will just summarize some of the main results.

Roughly speaking, the voltage and B7 must be controlled to within 10%. For 
example, if in Fig. 19c we drop V from 4.0 to 3.5 MV, the beam focuses about 20 cm 
before the foil (I = 7.6 kA), but the output beam quality is about the same. Raising V 
to 4.5 MV leads to I = 10.5 kA, and a beam focus inside the channel, leading to 
subsequent overfocus and a 1.6 kA loss. Voltage errors greater than 0.5 MV give 
results too poor to consider; generally it seems better to err on the high side. For 
voltage variations about the shorter-length Fig. 20 we find the same qualitative result, 
but the voltage tolerance is smaller (because of the shorter focal length, the system is 
somewhat more sensitive).

In terms of magnetic field variations, increasing B7 by 7% in Fig. 19c causes the 
first focus at about 15-20 cm before the foil, but the output beam is nearly the same.
A 7% decrease, however, leads to a 1.8 kA loss in the diode; again, it is better to err 
on the high side. For the shorter length case (Fig. 20), the same rough conclusion 
holds; only small variations in the design B field are permitted if we wish to avoid 
beam loss.

Between the short and long systems of Figs. 19 and 20, there is no clear choice; 
either can be made to work by tuning B7 for given (flat-top) voltage. The shorter 
system is slightly more sensitive to error and requires a larger B7 (roughly, B7 « L ,/2) 
but a shorter solenoid. Either system, or any length in between, should be suitable. 
Note that very fine tuning, even if possible, is not useful, because the beam always 
pinches tightly past the foil and phase mixes to rb£ rch and 3| t (vf/y),/2.

D. Small-Radius Immersed Diode
This last candidate for the RLA injector was briefly discussed in last year's 

report (Rep. 1, Fig. 31). The main problem with such a diode (besides the 
inconvenience of making a strong Bz = 20 kG over substantial volume) is the non-zero 
Pq, leading to rotation of the final extracted beam. However, if the cathode is
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sufficiently small in radius, then Pe and the final pe can also be kept small, even at 
4 MeV. The beam in Fig. 31 of Ref. 1 has parameters 12 kA. (3| = 0.17 in the field, 
and a final 3gax = c/6 after extraction. Of course a small drift tube must be used to 
avoid space-charge-limit problems, and a rotating beam may not be as good for 
racetrack transport. Nevertheless, this immersed diode has advantages in terms of 
sensitivity to parameter variations and perhaps reproducibility, and remains a viable 
option.

IV. Beam Emittance Measurement Studies
The basic idea of this measurement is to use vacuum expansion of an electron 

beam to deduce its initial In a situation where space-charge and Bq effects
nearly cancel so that the expansion is emittance-driven, the rms radius vs. distance z is 
given by8 9

2r rms +
dr
dz

2r ^ 
0 dz (1)

where r0 and dr/dz|0 are initial radius (rms) and absolute slope of the beam envelope, 
and |3^0 is the initial transverse velocity/c. We divide the studies into two types: 
expansion of an apertured beam and expansion of the entire beam after passing through 
a foil or being extracted from a Bz.

A. Aperture Method
Figure 21 illustrates the problem for an IBEX-type beam in an IFR channel 

(f = 1/2). The 10 kA, y = 8 beam (e.g., the output of a RLA injector) with 
equilibrium |3| = 0.18, rb = 1.5 cm (rms) is incident on an aperture with a hole of 
radius rap = 3 mm. About 400 A passes through the hole and expands in vacuum for a 
short distance, then hits a target where r^,. is measured. Knowing r0 and dr/dz 10 at the 
hole, 3j[0 can be found from Eq. (1). For the case in Fig. 21, TRAJ was used with 200 
trajectories: the input beam is uniform in density out to r(edge) = 2.1 cm. There is no 
Bz or net beam rotation.

An obvious problem here is statistics. In Fig. 21a, only 5% of the trajectories 
pass through the hole. Another issue is that this method only measures the "axial" 
emittance; electrons with large Vq cannot reach the hole due to Pq conservation. This 
is shown most clearly by phase space plots before and after the hole. Thus, while the 
rrms(z) plot in Fig. 21b can be used to deduce a 3^0, there is considerable uncertainty in 
relating this p^0 to the real rms (3j^ of the whole beam. Note, incidentally, the foil- 
pinch effect4 in Fig. 21b; although small, it yields a dr/dz |0 =£ 0, and must be 
evaluated to find f5^0.

TRAJ runs with Gaussian radial profiles, perhaps more physically realistic, were 
also made. This adds the uncertainty of the cutoff radius, and necessitates following 
many low-weight trajectories in the "wings". An example is shown in Fig. 22. again 
for 10 kA, y = 8, 3j[ = 0.18, f = 1/2 (note the parameters yield equilibrium). Only 
3% of the 320 trajectories (Fig. 22a) pass through the hole, a current of 576 A. This is 
enough to yield a small electric field past the hole (Fig. 22b), but the expansion there is
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still emittance dominated. The r^Jz) plot (Fig. 22c) yields a value at the target of 
rrms = 5.4 mm. agreeing with Eq. (1) to within 10%, perhaps somewhat fortuitous.

We can vastly improve the accuracy of the calculation by just simulating the 
vacuum-expansion region. Of course this assumes we know the input beam parameters 
(in the hole), and begs the question of measuring for the whole beam. Figure 23a 
shows such a TRAJ run, for a 395 A, y = 8 beam with = 0.18; note that 55 A 
scrapes off on the aperture itself. Comparison with Eq. (1) is excellent: the code value 
of rrms at the target is 5.0 mm, while Eq. (1) yields 4.9 mm. Figure 23b shows the 
same system with a cold input beam; note that space-charge expansion is completely 
negligible, verifying that the expansion in part (a) is indeed emittance driven. Further 
comparisons between code and theory can be found in Table I, Ref. 9, including cases 
with non-zero dr/dz |0. An example of the latter is given in Fig. 24. The initial focus 
is given by |3r = -0.15r/rap. As seen in Fig. 24b, the beam focuses slightly before 
expanding. Agreement with Eq. (1) is good but not perfect: about 7% difference in 
rrms at z = 2.5 cm. We used 240 trajectories here.

B. Whole Beam Methods

1. RLA with foil
Can the same vacuum expansion technique be used to measure 3j_0 for a whole 

beam? Under some conditions, the answer is yes. Figure 25 shows a 10 kA, y = 8 
(IBEX/RLA) case with an input Gaussian beam (r0 = 1.5 cm, rms; r(cutoff) = 4 cm), 
no B7 or rotation, and e|0 = 0.18. The IFR channel on the left of the foil has 
fe = 1/2; the beam is in equilibrium until the foil pinch4 begins a few cm from the foil 
(Fig. 25c); the wall loss (Fig. 25a) is negligible. The code result for rrms (target) is 
3.0 cm, to be compared with 3.1 cm from Eq. (1). It is perhaps surprising that space- 
charge effects are not contributing for the expansion length of 15 cm (foil to target).
As shown in Fig. 25b, the potential well depth is l MV, small but not negligible for a 
y = 8 beam, but recall that the space charge Er tends to be canceled by VzBq to 1/y2, 
leaving emittance as the main expansion force. An analytic estimate of the space- 
charge doubling length is 47 cm.6 The method appears to work.

If we run the same case except P|0 = 0.26, we must increase f to 1.0 for 
equilibrium before the foil. After the foil (very small foil pinch effect here) we obtain 
rrms (target) = 4.4 cm, vs. 4.3 cm from Eq. (I). Thus the measurement should work 
for warmer beams. For cooler beams such as (3|0 = 0.09, Fig. 26, we need fe = 0.11 
for equilibrium, and a very large foil pinch is found. dr/dz(foil) = 0.1 from TRAJ.
The agreement with Eq. (I) is surprisingly good, but as seen in Fig. 26 the pinch effect 
is so large that the expansion length of 15 cm only allows the beam to expand to 
1.47 cm (theory 1.36 cm), less than the input r0 = 1.5 cm(rms). Clearly for a good 
measurement a longer expansion length is needed, and the space-charge correction will 
become non-negligible.

Thus the whole-beam/foil method seems better for warm beams. Another 
problem is that if is a function of r, the method gives no information about this 
dependence; perhaps concentric apertures or "pepper pots" would be more appropriate 
diagnostics. Finally, there is the drawback that to use Eq. (1) to find p|0, dr/dz(foiI)
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must be calculated; the semi-empirical formulas9 may be helpful, but the only certain 
way is to use TRAJ. In short, measurements must be supplemented with code runs to 
deduce the emittance in the general case, and the geometry must be chosen carefully.

2. RADLAC After Extraction
To use vacuum expansion to measure the emittance of the RADLAC beam, we 

must take into account some different effects (see Fig. 27). The RADLAC beam is 
annular, higher energy, and must be extracted from a guide B7, so that VXBZ forces and 
rotation also contribute, besides emittance. Thus Eq. (1) cannot be used.

In Fig. 27a we plot the B lines at the end of RADLAC, i.e., the extraction 
region. The goal is to deduce P|0 of the equilibrium beam in the field (15 kG in this 
example) from the beam pattern on the target (i.e., the rhs conductor). Assuming a 
40 kA, 15 MeV annular beam, Figs. 27b and 27c show the TRAJ equilibria for 
pj^0 = 0 and 0.156. Note from Fig. 27b that a cold beam expands and becomes 
thicker; this is not due to Er and Bq forces, which cancel due to the high y = 30 
(yin = 26, since some of the 15 MeV is in potential energy). The expansion is due to 
rotation (centrifugal and VeBz forces); the Eqs. of motion and Pq conservation can be 
written and solved, but the result is much more complex than Eq. (1), so we have 
constructed a technique based on TRAJ runs (typical run takes 30 sec. on Cray).

Table IV shows the beam expansion results Ar°ut, and Igut vs. e^0 for the 
system of Fig. 27. Note that as increases, r?“‘ decreases (compare Figs. 27b and 
c). Ar0111, on the other hand, increases rapidly with f5^0, and it is this which should be 
used to measure P|0. However, note that for |3^0 > 0.117 some beam hits the outer 
wall, and for P|0 > 0.234 the beam covers the target, putting limits on the technique 
for a given expansion length. Nevertheless, for typical expected output RADLAC e|0 
values 0.15, the method seems viable. Two serious questions remain; (1) How does 
one actually determine Ar00'? and (2) Can a thin foil be inserted in the full-field region 
to determine the input beam parameters necessary for the TRAJ model?

Figures 28a-c show a 3|0 = 0.08 case using 200 trajectories. The jz(r) current 
density profiles at input (z = 0 in Fig. 28a)

Table IV. RADLAC beam: Vacuum Expansion after extraction
from 15 kG vs. er

3lin ®cm) Ar°ul(cm) ir(kA)

0.0 3.6 1.4 40
0.078 3.6 1.9 40
0.117 3.5 2.7 38
0.156 3.4 3.2 35
0.234 3.0 4.8 28
>0.24 — 4.8 —

-15



Parameters: 40 kA, 15 MeV, annular 8,12 mm,
Rwall = 4 8 cm- Bo = 15 kG
P0(final), theory and code: 0.044 @ rb(final) = 3.5 cm 

Conclusion: must use Ar001 to deduce P|in, not

and output (z = 32 cm) are given in Figs. 28b and c. In Fig. 27 and Table IV. Ar°l,t 
was simply obtained from trajectory plots and a ruler; to correlate with a laboratory 
measurement we need to use some width in the jz(r) plots. The width at 25% of 
maximum seems to agree well with the cruder method; but presumably it does not 
really matter exactly how Ar01" is defined, provided we are consistent. Again, note that 
Ar°m cannot have meaning if some beam is lost to the outer wall at r = 4.8 cm; in this 
event a shorter expansion length must be used, and a new TRAJ table generated.
Figure 28d shows that using more trajectories (400 instead of 200) does not buy much; 
however, dropping to 100 trajectories yields too much "noise" in j^r) out.

Some parameter variations were made to check sensitivity. Varying Ib showed 
that the method is not sensitive to beam current (and that space-charge effects are not 
important). Increasing Arin merely increased Ar001 by the same amount (approx). 
Varying B7(z = 0) showed considerable sensitivity, so this must be known accurately.

The second question raised above concerns the possibility of inserting a thin foil 
in the full-field in order to measure all the required quantities on a single shot. The 
answer for the type of parameters being considered is negative, as shown in Fig. 29, 
which is nearly like Fig. 27b except for the foil inserted. The foil causes the beam to 
pinch and expand at smaller z. To compensate, one would have to move the target into 
the field region, and the increased sensitivity would probably demand that the input 
beam parameters be measured with prohibitive accuracy.

In summary, a method has been suggested to measure the emittance of the 
RADLAC beam just before extraction. The method hinges on careful measurement of 
the input beam jz(r), shot-to-shot reproducibility, and constructing a TRAJ table to 
deduce 3j_.

V. Beam Conditioning and Propagation Studies
A variety of simulations with MAGIC and TRAJ were made to help understand 

beam conditioning and equilibria in IFR and Be cells. The studies were done for a 
wide range of parameters including those appropriate for RADLAC, IBEX, RLA, and 
Hermes II and III. We emphasize that in the gas cell/IFR calculations we do not 
include collisions, conductivity, or chemistry, except perhaps implicitly through given 
charge and current neutralization fractions. In this sense our simulations complement 
the IPROP runs of D. Welch (MRC) in which full self-consistent chemistry is included.

A. Bg-Cell Calculations
Some preliminary work on this topic, including an analytic theory, was given in 

Ref. 1, pp. 24-31. This year’s work continued, extended, and refined the older results.
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1. IBEX Vacuum Wire Cell
Although the vacuum wire cell was abandoned in favor of gas-filled cells in the 

IBEX experiments in early 1989, considerable effort was expended trying to understand 
this system, so we summarize the results here. For orientation and review. Fig. 42 of 
Ref. 1 is suggested. Essentially, the beam is extracted from a guide B7 through a foil 
into a BQ-cell, i.e., a region where all forces tend to cancel except the attraction of the 
wire current I0, applied to flow in the same direction as the beam. Two other salient 
points are that the charge and current neutralization induced on the wire are equal 
except near the ends, and the equilibrium of the beam in the cell is about 
(2va)/Y),/2.

Figure 30 shows the case for the experiments done in early 1989. with a 27 kA, 
3.5 MeV, 3|0 = 0.11 beam extracted from 16 kG into a wire cell with I0 = 16 kA. In 
this TRAJ run. the assumed current neutralization fm = 0.3, agreeing well with the 
calculated charge neutralization fe = 0.28. Note that the beam is heated and expanded 
in the Bq cell, as seen previously.1 In the experimental setup there was an end foil and 
a vacuum gap where the beam expands very quickly to the wall.10 As pointed out in 
Sec. 1ID, a problem with the immersed IBEX is the large Pq; the final rotation 
Ve(max) in Fig. 30a is 0.6c. The equipotentials are shown in Fig. 30b. As shown by 
theory (Ref. 1 and the IPROP work of D. Welch, MRC) and experiment (C. A. Frost), 
the system is improved by adding gas to neutralize these large electric fields, and 
leading to fewer foil replacements.

2. RADLAC Be/Gas Cell
The experimental setup as modeled with TRAJ is shown in Fig. 31a. The main 

differences from the IBEX case of the previous section are that the Bq cell is filled with 
gas so that the space-charge is neutralized and the beam current partially neutralized, 
and the input beam is much higher energy. The goal of the calculations, besides trying 
to understand the experiments (yet to be performed), is to try to optimize cell 
performance by varying the many parameters. In particular, we varied r, Ib, V foil 
position, B7(applied), fe, fin, |3|0, Arin of the beam. Figure 31b shows a typical result 
for y = 30, Ib = 30 kA, I0 = 15 kA, foil F, in "standard" position. B0 = 20 kG, 
fe = 1. fm = 1/2, p_L0 = 0.08. and Arin = 3 mm (7, 10 mm annulus). When we write 
I0 = 15 kA here, we mean either that the wire carries an applied current of 15 kA with 
no return current (all return current in gas), or that the net current in the wire, 
I(applied) - I(retum), is 15 kA with some return current in the gas. The output beam 
in Fig. 31b is slightly smaller than the input, but much hotter: (3| = 0.3.

Of some interest is the time-dependence of the Bq cell behavior. In an attempt 
to model this, we ran four TRAJ cases for (y, Ib) = (10, 10 kA), (20, 20 kA),
(30, 30 kA), and (40, 40 kA), as shown in Table V. Note that (5|(out), which is 
mostly in Bq but some 3r, steadily decreases as the Y, Ib increases. The rms beam 
radius rb is a minimum at (30, 30 kA), Fig. 31b. Of course, the best way to approach 
this problem is with MAGIC and a finite risetime; in fact this has been done for nearly 
the same parameters in Ref. 1, Fig. 48, except that the cell contains no gas 
(fgas = fgas = o, f£ire = f^ire = 0.57). the resulting final beam after a 15 ns rise to 
(40, 40 kA) is surprisingly like the TRAJ result. In fact, the TRAJ result without gas

-17-



(otherwise like Fig. 31b) is shown in Fig. 32, where the lack of neutralization in the 
small gap between foils leads to a somewhat thicker annulus but about the same |3|. 
Comparing Figs. 31b and 32a shows that the gas has lowered the emittance by about a 
factor of 2/3.

We will summarize some of the other parameter studies. Varying the foil 
position by moving into the full B0 = 20 kG does not change the results much 
(provided the space between foils is an fe = 1 region). Reducing I0(wire) by a factor 
two also makes only a small change (beam is slightly cooler but larger). Reducing I0 to 
zero leads to a still cooler (p| = 0.16) but definitely larger beam (r = 1.13 cm rms). 
Of course the real problem with I0 = 0 is that the centering force is lost, but in 2-D the 
gas alone keeps the beam from expanding much.

Injecting a hotter, fatter beam annulus (5, 15 mm) give Fig. 33a; comparing 
Fig. 31b shows as expected that fatter input yields larger rb(out), and a 1 kA loss to the 
wire, although (3|oul is the same.

Table V. Time Dependence of Output from RADLAC 
Bg/Gas Cell (TRAJ)

Input: n = .08

r-ooII cm (rms)

Input: I net — 
10) 15 kA Ar = (7, 10) mm B0 = 20 kG

Output: r I(kA) n rb(cm) fie

10 10 .45 1.5 .39
20 20 .31 .95 .27
30 30 .30 .63 .27
40 40 .25 .75 .23

For the same thick beam and I0 = 15 kA but (3|0 halved (Fig. 33b), the resulting final 
emittance is only slightly smaller. Varying fsas in Fig. 33a to 0 makes very little 
difference, but setting fgas = 1 (Fig. 33c) causes the beam to fill the cell; for a hot 
beam the wire focusing alone is not enough. 3

3. RLA Gas Cell Plus Wire
The present plan calls for pure IFR transport between injector (Fig. 14a or 18c) 

and racetrack. We briefly considered another option, where the IFR channel guides the 
beam only part of the way, and a wire cell takes it the rest. Figure 34 shows the TRAJ 
model and a sample run. An 11 kA, 4 MeV, |3^0 = 0.24 beam is injected into an IFR 
channel (fe = 1, fm = 1/2). After traveling 1.4 m. the beam encounters a foil and a 
Bq cell. There is no I0 in the wire since we wish to inject onto the racetrack at about 
1.8 m (wire is grounded at only one end). As suggested by the figure, this is probably 
not a good scheme. No matter which type of injector is selected, the mean rotation is
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zero (Secs. Ill A-C), or the beam is small (Sec. HID); most of the beam will be lost on 
the wire (possible exception: transparent wire, e.g., axial discharge). In Fig. 34. only 
4 kA is transported to the end; these are high -Vq electrons (although there is no net 
rotation, the input |3| is assumed to be isotropic in r and 6). For a cold input beam, of 
course, all the beam is lost. Such a scheme is only feasible for a large-radius immersed 
diode (Fig. 9), but there the rotation will be very large, leading to problems in the 
racetrack.

B. RLA IFR Shape and Foil Studies
For propagation in the racetrack, an IFR channel with some profile nch(r) will be 

used. The question here concerns the effect of this shape on the beam. In using TRAJ 
to model IFR channels, there are two possibilities: (1) we may use neutralization 
fractions fe and fm. implying that the background plasma can shift quickly to 
accommodate changes in beam fields; or (2) we may add a fixed background ion 
density n^r, z) to the calculation. For the studies here, option (2) is the only sensible 
one, but it is unphysical in the sense that over long time scales the ions would move, or 
background electrons would neutralize some of the ion charge.

Figure 35a shows the trajectories for a RLA-type beam (4 MeV, 10 kA) with 
uniform nj = 2 X 10" cnr3 out to rch = 1 cm (sharp edge), implying a (global) 
fe = 0.3. Normal derivative end boundary conditions on potential <f> were used, i.e., 
no end-foils. As seen in the figure, an equilibrium is set up with some electrons getting 
well outside rch = 1 cm. The output rms Pi =0.11 ~ (vf/y)1/2. Figure 35b shows the 
same case except the channel is peaked on axis: nj = 6 X 1011 cnr3, 0 < r < 0.4 cm; 
nj = 1.24 X 1011 cnr3, 0.4 < r < 1 cm. This profile is a crude model of the 
measured profiles which tend to be peaked on axis with half-width about 0.5 cm.
Again, fe = 0.3 globally. The equilibrium beam has P| = 0.20. and is somewhat 
smaller than the uniform-channel case. Overall, the emittance of the uniform case is 
75% of the emittance of the peaked case, suggesting that uniform channels, if they 
could be made, are slightly better. Rerunning Fig. 35a with nj tripled (fe = 0.9) yields 
a slightly smaller but hotter beam, the emittance is 1.6 times as large, and 1.2 times 
the peaked case, showing that lower f may be preferable to making nj uniform.

On the other hand, adding a Ihs foil to the problem, so that the entering beam 
immediately pinches, shows that higher f is better in terms of beam size and 
propagation. In fact, for f = 0.2, 0.5, and 1.0 the percent of a 14 kA, 3.7 MeV, 
pj^0 = 0.3, rb = 1.1 cm (rms) beam transported down a 1.22 m pipe is 12, 64 and 
100%. Further variations show that for fixed f, larger rch is better (more beam 
transported). Of course, these "with-foil" results are more relevant to the channel 
between injector and racetrack, than to the racetrack itself.

In short, one wants large f in the source-to-racetrack channel, and lower f and 
uniform nj in the racetrack. Of course these simple equilibrium studies do not account 
for turns, instabilities, the difficulties in making the channel, or the 3-D problem of 
capturing the beam on the racetrack, being studied by J. Wagner (1241).
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C. RLA IFR Accelerating Gap
The work discussed here is preliminary, and the problem is still unsolved. The 

"problem" here is the effect of the gap voltage on the IFR channel. An experiment 
(pulsing a gap in an IFR channel) is being done by M. G. Mazarakis (1242), as of 
January 1990. The results show a long current pulse at all locations, even meters from 
the gap; these results have not been fully understood yet.

As seen by MAGIC, there are several possible models, the main differences 
coming in how the ends z = 0 and z = L are treated, and whether or not a beam is 
injected (here we assume no beam). If we simply let the ends be open and apply a 
voltage to the gap, the electrons will be cleared out by axial motion and then the ions 
will expand to the wall, for typical densities, e.g., nch ~ 10n cnr3; for higher densities 
we have complications such as field penetration, etc.-see Ref. 4, Fig. 17. Adding 
electrons from the ends is realistic, if we knew the appropriate current and distribution. 
Several such models were tried, but the results seem inconclusive and somewhat 
arbitrary.

Periodic boundary conditions are appropriate for a long series of identical gaps 
around the racetrack; an example is shown in Fig. 36. Here a 2 ns-rise pulse which 
levels off at 1.5 MV is applied to the gap; the IFR is initially characterized by 
nch = 8.3 X 1010 cm 3, rch = 2 cm, nij = ®. The electrons at 7.5 ns are nearly filling 
the pipe (Fig. 36a), the ions have not moved here (Fig. 36b), but for mj = 2 amu 
would have expanded partway to the wall. The electrons in the gap region are 
accelerated first, so ion expansion is greatest there (for finite m^. In Fig. 36. however, 
the ions are just a neutralizing background for the electrons, which accelerate and 
expand until at 7.5 ns there are several "beams" at different energies (Fig. 36c); the Ez 
field is still localized near the gap (Fig. 36d). The basic result is that within 10 ns the 
channel will be seriously perturbed by the gap voltage; of course the main e-beam may 
in some ways improve things, e.g., retard the ion expansion.4

A longer, non-periodic open-ended system is presently being simulated, to better 
match conditions in the experiment. For an L = 2 m system, the results have some of 
the same features as the periodic runs, but of course multiple beams are not seen. The 
electrons quickly accelerate and expand on a few -ns timescale, for the experimental 
VgapO) which rises in 20 ns to 800 kV. The ions slowly expand (nij = 40 amu). over 
several tens of ns. The electron current peaks downstream of the gap at about 1 kA at 
about 20 ns. The model is still being developed and the implications for the main 
beam propagation have yet to be simulated.

D. Hermes III Propagation with Foils and Wire Cells
For foil propagation611-12 we may estimate a desirable foil separation from

where R = wall radius.4 For typical Hermes III parameters, this gives about 
L = 40 cm. The problem is that one can estimate the space-charge limit, and the 
Hermes III beam of 700 kA is far above it. Nevertheless, several MAGIC runs were
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made. Figure 37 shows a simulation for L = 20 cm with 3 foils. The diode 
calculation is included also, since the Wy ~ 1 beam is very nonlaminar. As pointed out 
several times in earlier reports, e.g., Ref. 12, the problem is that the strong E, fields 
near the foils perturb the radial force balance considerably. Of course, if one is above 
the space-charge limit, the perturbation takes the form of a virtual cathode, seen in 
Fig. 37 past foil #1. One could place many foils very close together, but this seems 
impractical for the desired propagation length of ~ 10 m.

The use of a long Bq cell, or a series of them, seems more promising. 
Unfortunately, a vacuum Bq cell also has space-charge-limit problems. Figure 38 
shows a 700 kA annular beam injected through a foil at 20 MeV, with |3|0 = 0.3 and 
11 < rh < 20 cm, R(wall) = 32.6 cm (no B7 or net rotation). The wire (2 mm radius) 
carries 100 kA, and the induced fe~0.1. As shown in Fig. 38a, the beam expands to 
fill the pipe; as shown in Fig. 38b, a VK (virtual cathode) forms near the foil.

There are two possible space-charge limits here. Using the standard type of 1-D 
estimate we obtain13

1/2 / /,Nz = y c/w (2)s p

where y is beam energy/me2. wp = plasma frequency associated with rest-frame beam 
density, and zs = stopping length. For the parameters above we obtain zs = 8 cm, 
roughly agreeing with Fig. 38b. In this result, the wire plays no role; Eq. (2) is simply 
based on the charge near a foil needed to dig a potential well of depth = beam energy. 
For the "2-D" calculation, we solve a 1-D (radial) Poisson equation with conductors at
r = r^ and R, with a thin annular beam at r = rb in between. The result is

0 „ In R/r
- 2ne cV --------------------- ^-----------

scL 0 ( lnR/rb ) ( Inr,/^ ) (3)

which reduces to the correct limit when there is no wire. For Fig. 38. we obtain 
Iscl = 590 kA. Since only 270 kA reach z = 1 m in Fig. 38, we conclude that the 
1 -D limit is the operative one here; this is also verified by the potential plots showing a 
huge retarding E^ field near the beam injection region.

To make this scheme work, we need some charge neutralization. In fact, a gas 
cell is found to work well (without needing the wire) in both simulations (IPROP runs 
by D. Welch)14 and experiment.15 The calculations found 80% transport over 10 m, 
and the experiments agree reasonably well.

E. Hermes II Diode Plus Gas Cell
This work was done in early 1989 in support of the Hermes II air-propagation 

experiments of C. A. Frost et al., and to provide input to the IPROP runs (D. Welch, 
MRC). A sample MAGIC run is shown in Fig. 39; for a 30 cm A-K gap and 
rK = 7.6 cm we obtain 104 kA at 10 MV in the steady state. At the thin foil 
separating diode and gas cell (modeled as fe = I, fm = 0.8) the beam is characterized 
by = 0.22, rb = 9 cm. and a e = -12° convergence angle. The gas cell calculation
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is not self-consistent since a chemistry package is needed, but the fe, fm values are 
probably fairly realistic. Also, for the gas cell calculation to be very meaningful, we 
would have to follow the beam many more betatron wavelengths. Nevertheless, the 
diode calculation matches the experiment at peak V and I, and gives an idea of the 
beam size to be expected. The data at the foil was used as input to IPROP.16

Note in Fig. 39 that we attempted to simulate the actual hemispherical shape of 
the Hermes II diode tip by using the slant-emission option in MAGIC; about 40 kA 
came from the slant, most of the rest from the shank.

The main parameter variations done were of diode gap and cathode radius (for 
propagation experiments, the goal was to make a small [rb~4 cm] cool beam). For 
smaller d and rK we find roughly the same V and I as above, e.g., at 
(rK, d) = (2, 8 cm), (V, I) = (8.8 MV, 115 kA); and the beam at the foil has 
rh = 3.5 cm (edge); increasing d to 12 cm yields nearly the same result except a larger 
beam rb = 5 cm at the foil. The case (rK, d) = (1.5, 12 cm) gives (8.8 MV, 99 kA) 
with rb = 5 cm at the foil.

In short, for the experimental setup code and measurement agree. By using 
smaller cathodes and gaps, smaller beams for propagation work may be generated.

VI. RHEPP Diodes
From the MAGIC simulation viewpoint, we treat this as a steady-state diode 

with or without applied B,,, nominally 5 MV, 5 kA with a small solid cathode and a 
large gap. The goal is to produce a reasonably uniform beam j7(r) in r < 10 cm on an 
anode/convertor plate. Typical runs are shown in Fig. 40: in (a), no Bz; and in (b), a 
uniform 1.5 kG is applied. In both cases (rK, d) = (2, 40 cm). Since these cases were 
run on the load line 2V0 = V + Z0I, where V0 = 2.86 MV and Z0 = 180 2 at 
r = 20 cm, where the TEM voltage wave is input; in Fig. 40a we obtain 7 kA at 
4.45 MV, and in 40b, 5.5 kA at 4.75 MV. The main feature to note in Fig. 40 is the 
huge effect of adding the Bz = 1.5 kG; the output (rhs) beam on the target changes 
from rb = 12 cm (rms) in (a) to rb = 1.5 cm in (b). The beam in (a) is nearly normally 
incident, with 0 = +1°, = 0.024; while in (b) we obtain 0 = -3.6°, 0j[ = 0.067.

Besides Bz, we varied gap d and cathode size rK. Doubling d to 80 cm for 
rK = 1 cm and Bz = 1.5 kG changes I from 5.2 kA (4.8 MV) to 2.0 kA (5.0 MV). 
Both cases produce very small beams, rb < 2 cm. Reducing Bz to zero in the 
d = 80 cm case causes half the 2.8 kA to hit the outer wall. We emphasize that these 
are steady-state results and rep-rate considerations are not included.

VII. Preliminary Quicksilver Studies of Off-Center Beams
We have used the new 3-D particle code Quicksilver to take a preliminary look 

at two off-center beam problems of interest for electron linacs and Bq cells. In the 
latter case the issue is centering and guiding of an offset beam; in the former case the 
issue is the effect of a single accelerating gap on a beam injected off-axis. The results 
really are preliminary; final conclusions cannot be drawn. The reasons for this are 
(I) an axis of cylindrical symmetry is not yet included in the code; for the Bq cell 
problem this can be finessed since the axis region is a conductor, (2) the diagnostics are 
still being developed, in particular phase-space, particle-flux counts, and spatial
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("range") plots are unavailable, and (3) the long running time and considerable file 
manipulation required for realistic simulations make parameter-variation studies 
impractical. Nevertheless, a few runs were made for each problem using the present 
version of the code, and the results at least illustrate the capabilities of the code and 
some of the physics issues involved in off-center beam problems.

A, Wire Guiding
The ability of a current-carrying wire to center and guide an electron beam is 

well-known; the 2-D version of the problem was discussed in Sec. VA and several 
earlier reports. Some earlier work was done with BUCKSHOT by J. R. Freeman, but 
the model used is not self-consistent and assumes the electrons are line charges. Thus 
it seems worthwhile to apply the fully 3-D Quicksilver code to the problem.
Cylindrical coordinates could be employed, since the axis (r = 0) is inside the 
conducting wire (rw = 2 mm, R(wall) = 3.2 cm). The 10 kA, 10 MeV beam has a 
radius of about 0.5 cm, and an initial offset of I cm; the result at 4 ns (quasi­
equilibrium) is shown in Fig. 41 where, unlike most figures, the beam moves right-to- 
left. Of course, we gave the beam an initial rotation (as in RADLAC), otherwise it 
would collapse onto the wire.

The net wire current is about 10 kA; as seen in the figure this guides the beam 
successfully over a propagation length of 1 m. Note, however, that a corkscrew mode 
develops which causes the radius of the beam to increase near the output end; the beam 
there scrapes the wall (not visible in Fig. 41) leading to a 2 kA loss. There is no loss 
to the wire, however; and the wall radius could be increased.

B. Gap Effects
Before adding an accelerating gap, we first ran cases of beams propagating in 

uniform B7 through open-ended waveguides. Rectangular (x, y, z) geometry was used, 
with a square beam typically 1 cm X 1 cm in a square waveguide 5 cm X 5 cm, with 
guide axis along the z (and applied B) direction. Essentially the result is propagation 
along the field with the comers of the beam being rounded, and basic trajectories 
helical. Typical parameters were 20-30 kA, y = 11, cold input beam; the system 
z-length was 1 m, with B0 = 20 or 25 kG. The timestep was usually 2 or 2.5 ps, with 
(DX, DY, DZ) = (2 mm, 2 mm, 2.5 or 5 mm) and a 1 ns risetime on the injected 
current. The number of electrons used after the beam crossed the system was varied 
from 60 to 160 thousand.

For an on-center beam the typical beam begins square near z = 0, then rotates 
slowly, then rounds off the comers, and finally expands in cross section to roughly 
double in size. Offsetting the input beam by 5 mm in X leads to the same result except 
an organized helical wave grows up near the output end. It was checked that: (1) a 
low-current beam (3 kA) goes straight, with no corkscrew mode or appreciable cross- 
section enlargement, and (2) a 20 kA case (centered) with B0 = 0 expands to the wall 
in a reasonable distance.

Finally, an accelerating gap with d = 10 cm was added (centered on 
z = 50 cm). Three cases were run (Cray time 4-5 hours each): (1) a 1.2 MV gap,
25 kG. on-center beam, (2) a 1.2 MV gap. 25 kG, 1 -cm offset beam, and (3) a
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5.2 MV gap, 15 kG, 1 -cm offset beam. All had lb = 20 kA, y = 11, cold input, 
square cross-section 1 cm X 1 cm. The guide cross-section was 5 cm X 5 cm except at 
the gap, where the V(t) was applied from all four sides with a 1 ns rise. Figure 42 
shows the electron map at 7.5 ns for case (3). The conductors are shown in gray, the 
particles in black, for 30 < z < 70 cm. The effect of the gap is to increase the 
amplitude of the wave on the beam, such that about 1 kA scrapes off on the walls over 
the total I -m propagation length.

Thus, even for this high-voltage gap and large beam-offset, the gap effect is not 
serious. Of course, for traversal of several gaps in series we might expect the 
disturbance to become more serious, and note that effects such as beam breakup or 
image displacement instability are not included in our simple 1-gap model. For cases 
(1) and (2) with weaker V = 1.2 MV and stronger Bz, the effects are much smaller; no 
beam loss occurs in either case. In all cases, we should mention, a quasisteady state is 
reached and the self-Bz is negligible.

In summary, these Quicksilver simulations are somewhat primitive and certainly 
preliminary. Further work on off-center beam problems will surely be done as the code 
diagnostics improve and better models are developed.
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Figure 1. MAGIC simulation of the RADLAC 2-feed injector at Bz = 12 kG.
(a) Problem setup and applied B lines.
(b) Input V(t) for each feed.
(c) Electron flow near peak V and I showing 40 kA beam, 7 kA leakage to metal 

divider between feeds.
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Figure 2. Setup for MAGIC runs of 4-feed injector. In the case shown, the system was run to a 
steady state by injecting a constant 2 MV wave into each feed. The applied B is the 
same as in Fig. la except scaled up so the maximum in the A-K gap is 20 kG. For the 
geometry shown, with d = 6 cm, the 8 MV system produces a 50 kA beam with a 25 kA 
leakage.



1.6 ~
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2.50

TIME (s)
(b)

Figure 3. Time dependence of RADLAC input voltage/feed (part a) and combined 4-feed
voltage on diode gap (part b). Note that the peak total V is somewhat less than 8 MV, 
and occurs about 12 ns later than the peak input V. These V(t) curves apply specifically 
to case 4 of Table I, but are nearly correct for cases 5 and 7, also.
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Figure 4. Electron flow from MAGIC run of case 5, Table I (Bz = 13 kG).
(a) Early time = 7.5 ns, showing leakages at three regions.
(b) Late time = 60 ns showing only leakage to metal divider between feeds 3 and 4.
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Figure 5. Electron flows for cases 4 and 7 of Table I (20 kG) for times in middle of pulse.
(a) Case 4, low emission threshold.
(b) Case 7, threshold 200 kV/cm.
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Figure 6. MAGIC run of RADLAC injector,“partial” model. Only feed #3 is included, the rest 
of the 8 MV is applied via TEM waves from the sides. The result (steady state) is 57 k A 
(beam), 26 kA (loss). This model allows us to resolve the diode better and still calculate 
the main leakage. Compare Fig. 5a.
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Figure 7. MAGIC runs of RADLAC diode alone at (a) Bz = 19 kG, (b) Bz = 13 kG. Applied 
voltage 8 MV, beam currents 61 kA (a), 66 kA (b). Note the reasonable agreement 
between Figs. 7a and 6, in terms of beam current and quality. Decreasing Bz from 19 to 
13 kG leads to larger radial oscillations, as expected.
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20 kA

Figure 8. MAGIC simulation of 16 MV RADLAC SMILE injector plus gas/wire cell.
(a) Problem setup.
(b) Steady electron map for V = 16 MV, I(total) = 137 kA, applied Bz(gap) = 20 kG, 

A-K gap = 16 cm, I^et = 20 kA. We assume Fe = 1 in the gas/wire cell. About 
40 kA of beam current is produced, but this can be varied easily by changing the 
aperture radius. The induced beam rotation keeps most of the beam from hitting 
the wire.
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Figure 9. MAGIC run of a large-radius IBEX diode immersed in 16 kG. At V = 3.5 MV, we find 
I = 23 kA. Problem: after extraction the beam in this system will be rotating at about 
c/2.

-33-



r (
m

) B, = 0 B =0 22 kA LOSSGAP
PLASMA

s 25 kA 
iAPERTURE 21 kA LOSS

f„=1
46 kA

14 kA23 kA

0.000.00* rh = 1.3 cmf = 1.0
FOIL f =0.5 FACE 14 kA

1 kA p± = 0.3

B =0

2 kA LOSS

47 kA
/LOSS

0.00
rb = 0.8 cm

Figure 10. MAGIC runs of a Recirc/IBEX experimental injector plus IFR channel with 
V = 3.7 MV, A-K gap = 7 cm, I = 57 kA total, and no Bz.
(a) Vacuum diode case; only 5 kA beam is produced, unlike experiment.
(b) Add gap plasma of unknown origin, nplas = 1.5 x 1012/cc. Now a 14 kA beam 

is produced, like experiment. (See Table III.)
(c) Reduce gap, use larger cathode tip. A 9 kA beam out results. No gap plasma
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As in Fig. 10 but include only the cathode tip, assuming emission from the rest of 
the shank cannot contribute to the beam.
(a) Vacuum diode, 4 MV, no IFR channel, Total I = 23 kA, but only 1 kA out rhs.
(b) Close gap to 2 cm, yielding 32 kA, all out rhs.
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Figure 12. (a) Applied voltage vs t for MAGIC Recirc diode run of Figs. 13, 14. This is the 
experimental input.

(b) Output beam current in IFR channel Ib(t). Note delay with respect to V(t), and 
oscillations after 20 ns.
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Figure 13. Early-time (6 ns) electron (a) and ion (b) maps for Recirc diode with ion emission 
from aperture. The emitted ions are protons, the channel ions (not shown) are 
infinitely massive.
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Figure 14. Electron (a) and ion (b) maps near peak V and I for Recirc diode MAGIC run. The 
ions in the A-K gap allow the beam to be focused into the channel.
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Figure 15. Little Recirc diode at V = 1 MV, no Bz, with IFR channel, showing electron maps 
from MAGIC for 3 cases:
(a) No ions, d = 2 cm, 8 kA total, 700 A out rhs.
(b) With ions from aperture , d = 2 cm, 11 kA total, 1.3 kA out rhs.
(c) With ions, d = 3 cm, 9 kA total, 1.4 kA out rhs, thin foil F.
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Figure 16. As in Fig. 15 but large cathode radius = 8 mm, smaller A-K gap = 1.27 cm, 
V = 1.2 MV, no anode foil, raper = 8 mm.
(a) No ions, 18 kA total, 3 kA out rhs.
(b) With ion emission (750 A) from aperture, 28 kA total, 7 kA out rhs.
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Figure 17. MAGIC (steady state) run of RLA "IFR" diode (IBEX) at 4 MY, 48 kA,
d = 2 cm, an 11 kA beam is produced for raper= rch= 8 mm with nch = 2.75 x 1011 cm'3 
(nij = °°). No applied Bz. The output beam quality is quite good (but not 
phase-mixed).
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Figure 18. MAGIC simulation of the Recirc re-entrant non-immersed injector.
(a) Problem setup and B field applied.
(b) Diode voltage vs. time from the addition of the four input feed voltages.
(c) Electron flow for a 20 cm A-K gap during “flat” part of voltage pulse; for the 

10 kA beam, the channel provides fe = 0.5.
(d) Quasi-equipotential lines including beam space charge.

-42



r (
m

)
V- VACUUM 

^9 EQUI POTENTIALS
0.1

K

0.0

A

l
VAC. A

THIN^

F0IL'V

VAC.

IFRi

ch

0.0 1.5

z (m)
(a)

2.5

MAGNETIC FLUX LINES

7 VAC.
f = 1/2628 G

z (m)
(b)

ELECTRON TRAJECTORIES

VAC.

f = 1/2
9 kA
= 0.21

z (m)
(c)

Figure 19. TRAJ run of a Recirc diode plus IFR channel (fe = 1/2).
(a) Applied potential lines and problem geometry; A-K gap = 17 cm.
(b) Applied B lines; BZ(K) = 33 G.
(c) Electron trajectories for V = 4 MV, I = 9 kA. The output beam is mostly within 

the channel; (5± = 0.21.
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Figure 20. TRAJ run of Recirc diode, as in Fig. 19 but shorter cathode-foil distance, stronger 

applied B, fe = 1 in IFR channel. Output at 4 MV: lOkA, - 0.25.
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Figure 21. TRAJ run of beam-aperture problem. The input (lbs) beam is in equilibrium in an 

IFR channel (fe = 1/2), with y = 8, Ib = 10 kA,/)^ = 0.18, and uniform jz(r). There is 
no Bz or net rotation. Only 10 trajectories out of 200 pass through the hole into the 
vacuum expansion region. This expansion can be used to roughly deduce (5± of the 
beam near the axis, but the uncertainty is too large and large -\g electrons are not 
included.
(a) Trajectories.
<b> rrms vs' z*
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Figure 22. As in Fig. 21 but shorter system and Gaussian (radial profile) beam. On the left of 
the aperture, the beam is in equilibrium; on the right, 576 A expands in vacuum.
(a) Trajectories.
(b) Equipotentials.
<c) rrmsvsz‘
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Figure 23. TRAJ run of aperture-only emittance calculation. The input beam is 395 A with 
/ = 8 and uniform profile. The precise value of current is not relevant, provided it is 
not too large, because comparing (a) with = 0.18 and (b) with = 0 shows that 
space charge and effects play no role; the expansion in (a) is emittance driven and 
agrees with eq. (1) to better than 2%. Note 55 A scrape-off on aperture in (a).
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Figure 24. As in Fig. 23 except use thin aperture and include an initial convergence of the beam 
to simulate a foil-pinch effect. Input: 394 A, y = 8, (random) = 0.174,
/3r = -0.15 r/rap.
(a) Trajectories (every fifth plotted).
(b) rrms (z) showing slight initial decrease in rrms.
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Figure 25. TRAJ simulation of whole beam expansion to measure emittance for Recirc/IBEX 
beam of 10 kA, y - 8, (i±0 = 0.18, Bz = 0, r0 = 1.5 cm.
(a) Trajectories (every fifth of 320 is plotted).
(b) Equipotentials showing non-negligible electric fields but no virtual cathode 

problem.
(c) rrms vs. z showing equilibrium (lbs), small foil pinch, vacuum expansion 

agreeing with theory.
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Figure 26. As in Fig. 25 but cooler beam /3±0 = 0.09, fe = 0.11 on lbs of foil.
(a) Trajectories (total 160 used).
(b) rrms vs. z; note huge foil pinch effect.
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Figure 27. TRAJ calculation of RADLAC beam emittance in the full Bz guide field using the 
differential expansion method.
(a) Applied B lines in extraction region; B0 r 15 kG.
(b) Trajectories for cold input beam.
(c) Trajectories for warm input beam, /31 0 - 0.156.
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Figure 28. As in Fig. 27 but Plo- 0.08.
(a) Trajectories (200 total).
(b) jz(r) input.
(c) jz(r) output (200 trajectories).
(d) jz(r) output (400 trajectories).
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Figure 29. As in Fig. 27b but add thin foil in full-Bz region to measure beam parameters (input 
and output) all on one shot.
(a) Trajectories.
(b) Equipotentials, showing large E2 near foil and shorting of Er.
(c) Equipotentials without foil (for case in Fig. 27b).
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Figure 30. TRAJ model of the IBEX Bg-cell experiment. The input beam (lbs) has Ib = 27 kA, 
total energy = 3.5 MeV,/3± = 0.11, annulus 7,10 mm, and is extracted from 16 kG. 
The wire carries 16 kA (applied), but the wire charge and current neutralization 
fractions are 0.3.
(a) Trajectories, showing rhs blowup in vacuum gap.
(b) Equipotentials.
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Figure 31. TRAJ model of the RADLAC Bg/gas-cell system. There are 2 foils, F, and F2, 
about an inch apart; this gap and the wire cell are filled with air, which we model 
using empirical neutralization fractions.
(a) B field (applied) and problem setup, foil Fj in standard position.
(b) Electron trajectories for / = 30, 30 kA, /3±0 = 0.08, r0 = 0.87 cm rms; output 

rb = 0.63, /3^ = 0.30. The net wire current is 15 kA.
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Figure 32. As in Fig. 31 but no gas (i.e., vacuum everywhere).
(a) Trajectories, with output rms = 0.33, rb = 0.90 cm.
(b) Equipotentials corresponding to (a).
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Figure 33. As in Fig. 31 but fatter-annulus input beam. Net wire current is still 15 kA.
(a) /3±0 = 0.16 giving output /3± = 0.30, rb = 1.1 cm, 1 kA loss to wire.
(b) /3 0 = 0.08, giving output /3± = 0.29, rb = 1.05 cm.
(c) = 0-16, fjj88 = 1 (complete current neutralizationbythe gas), giving output 

- 0.24, rb = 2.5 cm, 3 kA loss to wire.
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Figure 34. TRAJ run of IFR cell plus Bg cell for Recirc parameters. The main problem is that 
the lack of net rotation allows most of the beam to hit the wire.
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Figure 35. TRAJ runs of beam equilibria in IFR channels. Beam: 4 MeV, 10 kA, /3±0 = 0.08.
Both ends are “open” electrically (no foils). There is no Br Both cases have fe = 0.3,

= 0.m
(a) Uniform channel, nj = 2 x 10n cm'3 (r < 1 cm).
(b) Peaked channel, nj = 6 x 1011 cm'3(r< 0.4 cm), 1.24 x 10n cm'3(0.4<r<l cm).
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Figure 36. MAGIC simulation of IFR gap (no beam) for Recirc with periodic boundary 
conditions. Time = 7.5 ns. Applied gap voltage 1.5 MV (2 ns rise). Channel: 
rch = 2 cm, nch = 8 x 1010/cc.
(a) Electrons.
(b) Ions (nij = °°).
(c) yVz vs. z phase space.
(d) Ez(z) outside channel.
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Figure 37. MAGIC run of Hermes III diode plus foil-focus system. For V = 20 MV, the diode 
current is 700 kA. The foils (spacing 20 cm) perturb the beam, in fact a VK forms 
past Fj, because the space charge limit is exceeded.
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Figure 38. MAGIC run of Hermes III vacuum Bg cell. Injected beam: 700 kA, 20 MeV,
J3±0 = 0.3, annulus (11, 20 cm); no Bz or rotation. Wire: 2 mm radius, 
carrying 100 kA. There is a big loss to the wall, a small loss to the wire, so only 
270 kA emerges from the cell with poor quality. Problem: the space-charge-limit is 
exceeded.
(a) Electron map in quasisteady state.
(b) yVz vs. z phase space showing VK in agreement with 1-D theory.
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Figure 39. MAGIC run of Hermes II diode plus a short gas cell, characterized by fe = 1, fm = 0.8.
This setup is similiar to the typical experimental one, and yields the expected 100 kA 
at 10 MV. There is no Bz.
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Figure 40. MAGIC runs of RHEPP diode without (a) and with (b) Bz = 1.5 kG. The gap is 
40 cm with rK = 2 cm. The voltage wave is applied from the top (Z0 = 180 Q). In (a) 
we obtain 7.0 kA at 4.45 MV and a large beam normally incident on the anode 
convertor. In (b) we find 5.5 kA at 4.75 MV and a very small beam.
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Figure 41. Quicksilver electron map (25,000 electrons) for a 10 kA, y - 20, rb = 0.5 cm beam, 
being guided by a 2 mm wire carrying 15 kA. The initial beam (rhs) is offset by 
~1 cm and rotating with >S^(ma\) = 0.4. A 5 kA return current is induced. Neither 
wire nor wall (R = 3.2 cm) are visible. Note the beam evolves into a “corkscrew” 
mode near the output (Ihs); 2 kA are lost. Boundary conditions: perfectly 
conducting wire, wall, and rhs endplate. The Ihs is open.

Figure 42. Quicksilver simulation of off-center beam passing through an accelerating gap in B0 
= 15 kG. Beam: 20 kA, 5 MeV, cold, square initial cross-section, offset 1 cm in X. 
Gap: d = 10 cm, 5.2 MV. Result: beam scrapes wall near output (rhs) end,
1 kA loss.
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