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Abstract 

The feasibility of forming E rings by injecting a 
hollow beam through a static cusped magnetic field is 
being investigated in the University of Maryland ERA 
project. Recently, we demonstrated the trapping of 
such rings using a resistive wall in conjunction with 
a static magnetic mirror, This paper presents studies 
with a time varying mirror coil so that reacceleration 
of the ring after trapping can be examined. Results 
concerning the coherent motion of the rings and axial 
focusing due to an inner squirrel cage conductor are 
presented. Based on these results, design studies for 
the next stage of the UMERA system are discussed. 

1. Introduction 

Since the last Particle Accelerator Conference,l 
the University of Maryland ERA (UMERA) project has 
been concerned with various effects relative to form- 
ing electron rin 
configuration, 2-& 

s using a cusp-injected electron beam 
During this period, we demonstrated 

the trapping of the cusp-injected beam using a sur- 
rounding resistive wall in conjunction with a static 
magnetic mirror we11e3 In this paper, we present 
studies where the static mirror coil is replaced by a 
time varying mirror coil (TVMC). 

The UMERA system is schematically shown in Fig, 1. 
The 2.5 MeV annular beam from a 12 cm diameter knife- 
edged cathode passes through a cusped magnetic field 
which transforms a substantial portion of its axial 
velocity into azimuthal velocity. Entering the down- 
stream region, the rotating beam has a mean radius of 
6 cm, propagates with axial velocity 0.2 c to 0.3 c, 
has a peak axial current of 1.5 kA, and a 3-5 ns FWHM 
pulse width. The downstream vacuum region consists of 
al5 cm radius wall lined with copper mesh, a resistive 
wall of radius 1.5 cm, and a squirrel cage conductor 
located inside of the rotating beam. Besides the main 
coils that produce the cusp field, a small, l-turn 
TVMC (radius 10 cm) is placed 100 cm downstream from 
the iron plate. The current pulse shape of this coil 
is approximately a half sine wave of length 300 ns, 
shown in the inset of Fig. 2(a). This coil can pro- 
duce a peak field of about 200 G. An axial magnetic 
field profile is shown in Fig. 2(b) at various times 
during the TVMC pulse. The main coils provide a flat 
field region from 20-50 cm and a diverging field 
beyond 50 cm having a 10% decrease in 150 cm, giving 
an acceleration B, field on the average of 3 G for a 
flat field of 1600 G. For the case shown, the well 
minimum at peak current is between 75 and 80 cm. 

2. Coherent Ring Motion - Theory and Experiment 

To understand the coherent motion of the E ring 
during the slowing down, trapping, and subsequent 
release of the ring into the acceleration field, we 
consider the following simplified model. A filamen- 
tary ring of radius R containing N, electrons having 
azimuthal and axial velocity components v$ = B~c and 

v7. = Bzc, and relativistic mass ratio y= (l- Bf- 8i)-112 
moves close and coaxial to a thin resistive wall of 
radius Rw and surface resistivity p, R/sq.5 The 
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induced image current decay in the wall produces a 
retarding force on the ring in the axial direction. In 
a uniform field BzO, the axial equation of motion can 
be integrated to obtain the stopping distance L, of the 
ring. The result is 

LS (1) 

where Y,, B$, = (eB o/mYoc)R, 8 are initial ring para- 
meters and Z, = 377 R. This e$Fression has two minima 
in L, as a function of p,, one representing the maximi- 
zation of the magnetic stopping force at a low value of 
P, and the other the electric stopping force. For 
8 = 0.2-0.3, the minima occur near 30 and 1000 R/sq, 
rE:pectively. For our application, only the low- 
resistivity case is of interest. The range in B,, in 
our cusp system is necessitated by the strong resis- 
tivity of beam energy to magnetic field setting near 
the cutoff field and the uncertainty in operating 
diode voltage. Also, due to the cusp system, the 
rotating beam initially has a highly peaked front end 
density which gradually spreads out as the ring pro- 
pagates down the system, thus continually reducing the 
slowing-down effect of the resistive wall. This means 
that the stopping distance is longer than that com- 
puted by the ideal model. Therefore, in addition to 
the resistive wall, a magnetic well is formed by a 
TVMC so as to set up a trapping region. 

Using the above described model for the ring- 
resistive wall and for the applied magnetic fields of 
the UMERA shown in Fig. 2(b), the ring motion is deter- 
mined by solving the relativistic equations of motion. 
A typical result for one set of parameters is shown in 
a phase-space diagram, 8, vs z, in Fig. 2(a). For 
this example, the TVMC peak current is 96 A (8 turns) 
which is superimposed on the main field that has a flat 
field value of 1665 G. The E ring initial parameters 
are y. = 6, R, = 6 cm, Bzo = 0.134, and N, = 5 x loll, 
the “effective“ number of filamentary ring particles. 
A value of 30 Q/sq is used for the wall resistivity. 
The ring is injected (z = 0) 100 ns into the TVMC pulse. 
As seen from the figure, the ring is slowed down and 
trapped in the magnetic well and settles down to the 
well minimum at about 85 cm after its axial motion is 
damped. This takes about 100 ns into the ring life- 
time. The ring then slowly moves with the well mini- 
mum as the coil current decreases. At about 180 ns, 
the ring is no longer confined by the well configura- 
tion and is thus accelerated out of the well into the 
acceleration region. The ring reaches a speed of about 
0.1 c at an axial position of 120 cm. The resistive 
wall prevents a continual increase in 8, that would 
occur without it; the asymptotic value is reached when 
the acceleration B, field is balanced by the deceler- 
ating resistive wall field. 

In the UMERA experimental setup, passively inte- 
grated magnetic probes are located on axis (see Fig.l) 
inside the squirrel cage conductor at axial positions 
of 75, 85, 95, 110, and 120 cm. The ring motion in a 
typical shot as seen by these probes is shown in Fig. 3 
[y’5.5, B,,=1500 G]. Each plot is the magnetic field 
registered by the particular probe versus timerelative 
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to the firing of the mirror coil. The baseline for and/or appropriate arrangement of surrounding conduct- 
the probes, represented by the dashed lines in the ing walls can provide the required focusing to over- 
figures, represents the TVMC signal which is recorded come the “net” relativistic (I. - B2) defocusing effect. 
prior to the firing of the beam. As the figures show, In other words, a minimum particle y exists below which 
the beam is injected about 100 ns after the firing of focusing does not occur. 
the coil. The ring arrives at the 75 cm probe, passes 
by it, and is reflected off the mirror field formed by The focusing problem is most critical when the 
the TVMC. The ring is trapped and performs approxi- ring is in a uniform magnetic field with no space- 
mately a simple harmonic oscillation about the well charge neutralization, and thus conducting walls must 
minimum with a period of 25-30 ns. As the TVMC cur- provide the required axial focusing. To delineate the 
rent decreases, the mean position of the ring moves minimum y effect for the conducting wall case, consider 
downstream. The change in frequency on the 75 cm the Cartesian geometry model of the E ring shown in 
probe signal indicates that the E ring is no longer Fig. 4. The ring has a length L, a thickness T, a 
centered about the 75 cm probe location. During this uniform density, and a mean velocity Bc directed out 
trapped regime, the axial motion of the ring is con- of the figure. The mean position of the ring is a 
tinually damped by the resistive wall interaction, As distance h from the squirrel cage (S.C.) conductor, 
the ring moves closer to the mirror location, the par- which allows image space charges but no image currents. 
titles start to escape over the mirror field. Even- For this model, it is straightforward to calculate the 
tually the entire ring spills out of the well and the total electric and magnetic fields at the ends of the 
probe signals decrease to zero. The 110 and 120 cm ring. To obtain a net focusing effect, the axial force 
probes, downstream of the TVMC, see the accelerated Fz = q(E, -8cBx) at this position must be less than 
ring as it passes by. The peak beam signal has zero. The calculations show that in this case the 
decreased and has slightly spread out. A comparison relativistic mass factor y must be greater than the 
shows that there is good qualitative agreement between critical value 
these experimental observations and the theoretical 
results presented in Fig. 2. 

L 

t kn(l+-l_) t 2 tan-‘t I./2 
t2 

Other areas of agreement between the model and I’, = -1 

c )I 

2t , (2) 
the experiment are briefly discussed. Firstly, exper- s Rn f + t Rn UV + tan 

2 1+4s2-t2 
iments were performed with different resistive walls. 
As predicted by the model, the best results are where s = h/L, t = T/2L, U = 1 + 1/(2s+t)2 and 
obtained with walls of 30-50 R/sq. Secondly, experi- v = 1 t 1/(2s - t)2. As an example, ii T/L = l/5 and 
ments were performed with different anode foils T/h = 1, we find from Eq. (2) that y > yc = 2 is 
through which the beam passes. In general, the foil required for axial focusing. However, if T = L = h, 
is needed to reduce the destructive effects of the then y > yc = 10 is required for focusing unless, of 
negative mass instability. However, in the cusp- course, the ring is brought closer to the S.C. 
injected system, the foils produce a spread in axial 
velocity that reduces the front end density peaking of In the present UMERA system, the ring properties 
the ring. This in turn reduces the resistive wall are N = 1013 particles, T 1 3 cm, L = 15 cm, and 
retarding force. Thus, an optimal foil thickness is y = 5.5, and the surrounding walls consist of theinner 
required to achieve an acceptable compromise between S.C. and outer resistive wall. Using cylindrical 
these two effects. Best results are obtained with a 
0.25 mil mylar foil. 

geometry but otherwise the same type of model as shown 
in Fig. 4, i.e., uniform density, we find that aninner 
S,C. conductor provides axial focusing; however, with- 

For future experiments to load positive ions into out an inner S.C., the ring is axially defocused if 
the electron ring, we have built a puff valve that the beam is too far from the outer resistive wall 
injects a well-localized gas cloud into the system. which acts as a S.C. 
The valve is located inside the squirrel cage and can 
be moved to different axial positions. We have This focusing effect of an inner squirrel cage 
started some initial experiments to investigate the has been studied experimentally, and the results for 
effects of the neutral gas on the coherent motion of three geometries are shown in Fig. 5. In one case, no 
the ring. Preliminary data with hydrogen gas and with S.C, is present, whereas in the other cases, 8 and 16 
the puff valve located at 50 cm downstream from the copper strips are placed equally about a radius of 
cusp, show a distinct damping of the coherent axial 2.5 cm. In this figure, the peak signals from the 
oscillations in the time-varying mirror field. With magnetic probes are plotted versus the probe position. 
no gas from the puff valve, at a vacuum background 
density (air) of n w 1012 cms3, we observe an initial 

All signals are normalized to the 85 cm, 16 conductor 
case. One point to note is that the S.C. plays an 

decrease in the probe signal over 40 ns followed by important role in the amount of trapped beam, with 
almost undamped oscillations until the ring spills out more conductors implying more trapped ring particles. 
of the mirror (-150 ns later). With the presence of This effect is believed to be due to the S.C. maintain- 
hydrogen gas from the puff valve, the oscillations are 
damped with a time constant that decreases with gas 

ing a relatively shorter and more densely-peaked beam 
from injection through the slowing down and trapping 

particle density. Typically, for hydrogen density of 
n w 1015 cmw3, 

process, thus increasing the resistive wall retarding 
this damping is almost instant, i.e., effect. 

the ring settles down immediately and shows no coher- 
ent oscillation until spillout occurs. A theoretical Another point to note from Fig. 5 is that alarger 
analysis of the axial deceleration of an electron ring fraction of the E ring survives with an inner S.C. 
interacting with a gas cloud was presented in a recent beyond the TVMC, an asymptotic effect being achieved 
paper which gives a good qualitative picture of this with 8 or 16 strips. The loss of peak signal after 
process.6 release of the ring from the trapping region can be 

3. 
explained by the fact that the ring does not remain 

Focusing Effects - Incoherent Motion ___ axially focused due to the strong B, field of the TVMC 

During the various stages of ring evolution, the 
and the diverging main field. The S.C. provides 
focusing which counteracts this effect. However, the 

ring must be radially and axially focused in order to B, fields due to the TVMC and the main field are at 
maintain its coherence. A small amount of space-charge some places as large as 6 G, which is sufficient to 
neutralization, applied magnetic field profile change, 
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overcome the S.C. focusing forces. Modifications to 
the present system to alleviate this undesirableeffect 
are discussed in the next section. 

4. Conclusions and Future Considerations ~- 

Theprocessesleading to the trapping and reaccel- 
eration of the E ring in the present UMERA system com- 
posed of a resistive wall, an inner S.C., and a TVMC 
have been presented, The trapped ring is axially 
focused by electric-image boundaries and has a surface 
electric field at the ends around 1 MV/m. However, 
the studies presented here indicate that the strong B, 
field due to the TVMC that the ring experiences upon 
release from the trapping region is sufficient tocause 
defocusing . To alleviate the defocusing features of 
the present system, we have considered a modification 
to our ERA system which is depicted by the axial mag- 
netic field plot as a function of time shown in Fig. 6. 
Specifically, the axial magnetic field is plotted ver- 
sus axial position at various times during the ring 
motion. The trapping region is formed by the main 
magnetic coils (t=O plot) with the well minimum 
located at about 80 cm. The main coil field peaks at 
about 110 cm with the acceleration region thereafter 
adjusted to have a slope consistent with holding an 
ion in a ring with 1 MV/m surface electric field. 
After the ring is trapped in the well region, three 
TVMC’s are sequentially turned on and move the ring up 
the mirror field and into the acceleration region. The 
positions, time sequences, and currents of the three 
TVMC’s, identical to those used in the present UMERA, 
are given in the inset table of Fig. 6. The advan- 
tages of this design are obvious with respect to axial 
focusing; that is, the front of the ring does not see 
a radial magnetic field much greater than the value in 
the acceleration region. The ring can be loaded with 
ions during the relatively slow pushing process. 
Ultimately, this system must include adiabatic compres- 
sion to reduce the minor cross section of the ring and 
thus lead to larger holding powers. 
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Fig. 1 Schematic of the UMERA system. 
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(a) “Ring” phase- 
space motion. 
Ring parameters: 
u,=6, R,=6 cm, 
B =0.134, and 
i"=5 x 1011, 
REsistive wall: 
b = 7.5 cm, 
P = 30 Qlsq. 
‘l’$MC: 96 A, 
8 turns. 

(b) Axial magnet- 
ic field profile 
with the TVMC 
with time t a 
parameter. 
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Fig. 3 Axial magnetic 
field probe measurements 
versus time relative to 
firing of the TVMC. 
Data from five B probes 
at different axial pos- 
itions are who,/. The 

TVMC is centered at 
100 cm. The dashed lines 
represent only theTVMC, 
the solid lines the TVMC 
plus the E ring. 
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Fig. 4 Cartesian model for the 
E ring-squirrel cage axial focusing 
mechanism. 
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Fig. 5 Relative ring 
self magnetic field 
data versus probe loc- 
ation for different 
inner S.C. configura- 
tions. Each data 
point represents an 
average of 5 or more 
shots. 

Fig. 6 Axial mag- 
netic field profile 
at various times 
during a pushing 
scheme for future 
UMERA experiments. 
Three TVMC’s are 
used in conjunction 
with a rearrangement 
of the main field 
coils * 


