Chapter 4

High-voltage switching for
in-flight capture of keV

antiprotons in an ion trap

The in-flight capture of keV antiprotons in an ion trap requires that the —3kV
potentials on electrodes of a trap near 4.2 K be switched on and off with switching
times less than 20 ns. These rapidly switched potentials are applied via trans-
mission lines which are not terminated at the trap, in order to avoid an unac-
ceptable heat load on the helium Dewar. Simple high-voltage switching circuits
are constructed using krytrons and reed relays [53]. A krytron provides the rapid
switching and stays on just long enough for a reed relay to kick in and maintain

the switched state indefinitely.

Fig. 4.1 is a simplified diagram of the trap electrodes and the idealized high-
voltage switches which are used. In practice, the switch symbols S and S3 rep-
resent electronic circuits (discussed below) which are capable of switching times
less than 20 ns. A pulse of antiprotons travels along the axis of the three cylinder
electrodes from the left. A strong homogeneous magnetic field is directed along
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this axis over the whole length of the electrodes. This magnetic field confines the
charged particles in the two transverse dimensions to a field line. As the antipro-
tons approach, the high-voltage switches are set as shown in the figure. The left
cylinder (load endcap) and the central cylinder (ring) are thus grounded while the
right cylinder (dump endcap) is at —3kV. As antiprotons with kinetic energies
below 3keV approach the negative dump endcap, they turn around on their mag-
netic field lines and head back toward the entrance of the trap. Approximately
300ns later, before the particles can escape through the entrance, the load switch
S, is closed, lowering the potential of the entrance endcap suddenly to —3kV and
trapping particles within the trap. The antiprotons are held as long as desired by
opening switch Sz. Then, the dump switch is closed to quickly raise the potential
on the exit endcap from —3kV to OV, releasing the antiprotons from the trap. The
antiprotons leave the trap toward the right and are detected.

A crucial feature of the high-voltage switching is the transmission lines which
connect the switching circuits to the trap elecirodes. One function of the transmis-
sion line is to thermally isolate the switching units at room temperature from the
trap electrodes which are cooled to near 4.2 K. This is easily accomplished with a
small diameter 50-§ coaxial cable of adequate length, made of stainless steel and
Teflon. Also, the Transmission lines are not resistively terminated at the trap end.

Thus, there is no heat generated at the cold end of the transmission lines.

The capacitance to ground of each endcap electrode is very small, of the order
of 20 pF or less. For the time scales we are interested in, switching times less than
20ns, the trap end of each transmission line is thus essentially open. The theory of
open transmission lines is well known [59). Consider the load switch first, operating
at negative potential —V = —3kV. With an open switch S; and a closed S;, asin
Fig. 4.1, the 470-kQ} resistor pulls the potential of the load endcap to ground po-
tential. the 0.02-uF capacitor is, meanwhile, charged up to —Vp through the 35-MQ
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isolation resistor. When the switch S, is closed, the switch end of the transmission
line immediately goes to —V,/2 because the voltage across the capacitor is divided
across the 50-Q resistor and the effective 50-§2 impedance of the transmission line.
This line appears to be of infinite length until enough time has elapsed for the dis-
turbance to travel to the trap, refiect off the essentially open end of the line, and
return to the switch end of the transmission line. However, the potential —V5/2 is
doubled back to —Vp at the trap in order that the boundary conditions for an open
end transmission line be satisfied. One transmission line transit time 7 after the
switch S, is closed, the potential at the trap electrode thus suddenly changes from
0 to —Vp. At 27, the reflected wave returns to the switch end of the transmission
line so that the potential at this switch end changes from —Vp/2 to —Vo. For a
long cable, we dearly observe this step pattern. The 50-Q resistor terminates the
wave traveling back from the trap so that no further reflection occurs. On a much
longer time scale, the 0.02-uF capacitor discharges through the 470-kQ resistor
with a time constant of @ ms. This is adequate time for switch 52, a reed relay in
practice, to be opened in order to stop the decay in the potential. If this is done
quickly enough, the load endcap potential will remain near —Vh indefinitely.

Analogous arguments pertain to the more simple dump switch on the right of
Fig. 4.1. When the switch is closed, the dump endcap potential changes from —Vj
to 0 at one cable transit time  later. No second switch is needed. When the dump
switch is opened, the dump endcap capacitance to ground and the cable capaci-
tance is slowly charged up through the 27-MS isolation resistor. For the cable we

used, this time constant was typically 7 ms. A slow linear ramp used for dumping
was discussed in Chapter 3.

The fast high-voltage switching is done with KN22 krytron tubes. These small
and versatile tubes are well known for other applications, see EG&G Data Sheets
K5500C-2 (1984), K5503B-3 (1981), K5502B-3 (1984), and Ref[60]. A krytron is
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filled with hydrogen gas and normally offers a very large resistance between the
anode and cathode. A small discharge is maintained continuously between the ex-
tra keep alive electrode and the cathode to prepare the tube for firing. When a
voltage spike of greater than 750 V, with a rise time less than 1 pus, is applied
between the grid and cathode, the tube discharges and the résistance between the
anode and cathode becomes very low. When the discharge current falls below 10
mA for longer than 100 us, the discharge stops.

The actual high-voltage switching circuits used to capture antiprotons in flight
are shown in Fig. 4.2. Analogous circuits for proton capture are shown in Fig. 4.3.
The krytron in Fig. 4.2(a) is the switch 5) of Fig. 4.1. The reed relay is switch
S,. The reed relay we used opened with a switching time and jitter of order 1
ps. The closing time delay and jitter was much worse but was not important for
these circuits. The measured waveform shown to the right of each circuit indicates
the ideal behavior of the potential at the essentially open end of the transmission
line at a trap endcap. The measured waveforms closely approximate these wave-
forms in each case. The dashed waveform in Fig. 4.2(a) and 4.3(a) indicate the
consequence of leaving the reed relay closed. Several extra resistors are added to
the antiproton load switch to ensure that the anode remains more positive than
the grid and cathode to keep the anode remains more positive than the grid and
cathode to keep the krytron from back firing. This slightly changes the potentials
applied to the load endcap from —V; and 0, but not a significant amount with the
values chosen.

Each switched potential is monitored at the switching units with identical ca-
pacitive monitors, as shown. The properties of such a monitor are well known[59],
even though at first glance it may seem strange that the oscilloscope input
impedance must be high. This is done so that the scope end of the monitor cable
is virtually an open circuif. The capacitive divider divides the high voltage —V4
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down to a reasonable level which can be handled on most scopes
Vi = —VoCh/(C1 + Cy) = —Vp/200, _ (4.1)

where C; =5 pF and C; = 1000 pF. On time scales short compared to the transit
time in the monitor cable 7, the potential at the switch end of the monitor cable
is Vin/2. When the disturbance gets to the open end of the transmission line at
time 7 , the open circuit boundary condition forces the doubling of the potential
so that V,, is actually measured at the scope. For tiﬁzes larger than 27, both ends
of the monttor cable are at V,,. The 50-8 resistor terminates the refiected wave
so that there are no further reflections. We have verified that the monitor works
reliably out to the very large times at which the 1000-pF capacitor is discharged

through the scope input resistance, at a time of approximately 1 ms in our case.

Figure 4.4 shows the reed relay control circuit used for load circuits. This is not
at all critical but works very well with the relay (DRVT-10-658 reed relay ordered
from Newark Electronics) aﬁd solenoid (The Guardian Electronic Series 200 relay
solenoid). The reed relay circuit is located far enough (approximately 1.5 m above)
from the center of the superconducting solenoid so that the magnetic field from the
superconducting solenoid does not interfere with the solenoid operation. Figure 4.4
also shows the krytron trigger circuit which is used in each of the four switching
circuits. The diode driver on the left converts the rising edge of TTL pulse into
a light pulse sent into an optical fiber, which isolates the control circuit from the
floating trigger circuit. The infrared emitting diode MFOET1, detector MFOD72,
and low-loss micron plastic fiber optics cable (such as Arthur Cat. No.276-228)
for high voltage isolation are used. The MFOE71 diode has a peak wavelength of
820 nm at a forward current of 100 mA. The optical rise and fall time are 25 ns.
The MFOD72 detector has a turn-on time of 0.01 ms as specified in Archer Cat.
No.276-225. The battery powered trigger circuit uses a fast 1:40 transformer to
generate the high voltage spike needed to trigger the krytron. The delay time from
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TTL input to the high-voltage switching is approximately 500 ns at Vo=3 kV.
For the load circuits shown, a TTL falling edge was applied to the input of the
reed relay driver at the same time as a rising TTL edge was applied to the diode
driver. The high voltage was then applied to the load endcap with a switching
time of less than 20 ns and yet remained applied as long as the input to the reed
relay driver remained low.

A possible improvement is to use a krytron KN22B which is rated at 8 kV or o
use two KN22 krytrons in series to double the switching potential. Similar circuits
could also be constructed with a thyratron.
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Figure 4.1: Simplified outline of the Penning trap electrodes and the idealized
high-voltage switches used to capture antiprotons in flight.
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Figure 4.2: Circuit used to capture antiprotons in flight.
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Figure 4.3: Circuit used to capture protons in flight.
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Figure 4.4: Driver circuit for the reed relay and the isolated krytron trigger circuit.
The optical coupling is actually through an optical fiber. There is a misprint in
Fig. 4 of the Ref.[53]. The 1 uf capacitor between points A and B does not exist.
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