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1. Application

An ion beam buncher has been developed at ANL for bunching all ion species

through a tandem accelerator. Bunching to approximately 1 ns is achieved by
1 2

the system and a superconducting helix further bunches to about 50 ps.

These short pulses are to be injected into a superconducting linear accelerator

designed to accelerate heavy ions (up to 58) from the tandem to over 6 MeV/

nucleon.

Transit time variations through the tandem, caused by ripple and fluctuations

in the injection and lens power supplies and terminal voltage, and to varying

voltage distributions in the accelerating tube, cause a beam-phase variation

at the output of the tandem. A beam-phase measurement and control system was

designed and installed in conjunction with the ion beam buncher to control beam

phase at the tandem output.
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2. Beam-phase detector

The beam-phase detector should have several desirable characteristics.

These are:

a) The detector must have high sensitivity with low noise and be capable

of responding to the high frequency pulse rate.

b) The detector should have a large dynamic range. It is desirable that

beams with average intensities as low as several picoamperes be

measured and controlled; however, it is also desirable that beams of

hundreds of nanoamperes be measured and controlled without readjustment.

c) It should be noninteracting/nondestructive. It is highly desirable

that the process of phase detection in no way modify the beam quality

in any of the density distributions in six-dimensional phase space.

d) The detector should be simple. It is desirable that the device be

easy to construct and operate.

A high-Q resonant structure, tuned to the beam pulse rate or to a higher

harmonic thereof, possesses these characteristics. It will also signal-average

over a number of pulses thus enhancing the S/N ratio; the number of pulses being

approximately Q/H, where H is the order of the harmonic. This follows because

the resonator response decays as:

1 ( n ) . 1 0 e -
m r t W , (1)

where n is the number of beam pulse intervals. Thus for a second harmonic

resonator operating at 100 MHz with a Q of 1000, the output is the average

for about 500 pulses (bunches) and the averaging time is about 10 us.

The phase detector is a room temperature helical resonator, one-half

wavelength long at the bunching frequency (48.5 MHz). The unloaded Q is

about 2000 and the impedance about 200 Q. The helix is a slow-wave structure
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in that current, stimulated by the axial electric field of a moving bunch of

ions, flows along the spiral at approximately the velocity of light but the

forward progress along the beam line is reduced in proportion to the pitch of

the helix and approximately matches the velocity of the ion beam. Thus, for

a time period of about 10 ns, each ion bunch is coupled to the helix for

energy transfer. (The ion velocity from the tandem accelerator does not vary

appreciably for ions from C to Ni because as the mass increases so does the

energy due to the higher charge state.)

The circulating tank current, i^, in the helical resonator .due to an

average beam value, i. , is

(2)

where Q. is the loaded Q of the resonator and 3 is the bunching efficiency;

= 0.75-0.80 in our case. Eq. (2) presupposes that the degree of bunching and

the beam velocity is such that the transit time of the ion bunch through the

helix is less than about 10 ns.

The helix current is an average value due to about 1000 bunches. The

resonator response to an individual bunch decays as

= 10 e " 1 ^ . (3)

Thus when ft = Q (about 1000 cycles or bunches), the current due to i has

decreased to 4.3% of its initial value. As a consequence, the response of

the resonator builds for the first 1000 bunches or so and its output is the

average over about 20 ys.

The voltage of the resonator is e^ - iZ and the useful input, e. , to

a preamplifier is
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e i n - keh = kQL3Zib . (4)

where k is the coupling factor from the helix to the preamp. We routinely

use a broad-band preamp with 50 ft input impedance coupled to the helix by

about 1 pF of stray capacity. The value for k is thus about 0.03. For

& = 0.75, QL - 1000, Z - 200, k - 0.03 and ib - 1 nA, eq. (5) yields:

e.n = 0.03(10
3){0.75)(200)10"9 - 4.5 uV . (5)

We have also used low-noise FET narrow-band preamplifiers, optimally coupled

with an improvement of an order or so of magnitude in output signal level

and a larger improvement in S/N.

The beam-phase detection method described here is based upon vector

addition in a detector of a beam-induced signal and a phase-flipped (-90°

to +90°) reference signal. The resonator is excited by the periodic ion

bursts passing through it, as well as by an rf reference signal which is

reversed in phase at an audio rate, f . The low-level output signal,

comprised of the vector sum of the beam-induced signal and the phase-flipped

reference, is amplified by a tuned preamplifier and a radio receiver where

it is a.m. detected. The signal is combined in a phase detector with the

phase-slip square wave, f , to provide a phase error voltage that is used

to control the phase of the buncher via an electronic delay.

The vector voltage relationships between the reference and the beam-

induced signals are shown in fig. 1. In (a) the desired condition is shown.

Vector 101 is the reference voltage for one-half period of the sampling

cycle and vector 102 is the reference voltage for the other half of the

sampling cycle. Vector 100 is the beam-induced signal.



In fig. lb the desired beam phase is shown with vectors 103 and 104 equal

in amplitude. This results in a constant-amplitude signal out of the detector.

In fig. lc the condition of early arrival of beam is shown. Vector 103 is

larger than vector 104.and the detector output signal is the amplitude-modulated

wave shown. In fig. Id the condition of late beam arrival! is shown. Vector

104 is now larger than vector 103 and the phase of the amplitude modulation

is 180° different than that for fig. lc.

Since the signals resulting from the two phases of the reference are

processed in the same manner by the electronic-system preceding the synchronous

detector, the operation is independent of phase shift in the detector resonant

circuit and later electronics. The automatic gain control of the radio receiver

does not interfere with the phase information and permits operation over a

large dynamic range, 10 to 1.

If the amplitude-detected signals of figs. 1c and Id are applied to a

synchronous detector along with the sampling square wave, a dc error signal

is produced. The form of the error curve vs phase error is sinusoidal, being

zero for zero phase error. The amplitude of the error signal off-zero depends

upon not only the phase error but also upon the amplitudes of the reference

and beam-induced signals.

As a consequence of the resonator memory shown by eq. (1), there is a

period of false signal during and immediately following phase flip of the

reference signal. The number of beam pulses during the interval is about

N = 2Q/H and the time interval is about

TL = $ . (6)
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In addition, the phase flip represents a phase modulation and gives rise

to an rf spectrum that can easily exceed tha bandwidth of the following rf .

amplifiers. This can cause spurious responses that result in additional

false signal time.

A gating signal is thus required to gate off the false signal which

occurs twice per sampling cycle. It seems reasonable to require at least

50% efficiency in signal detection and thus the upper limit on sampling rate

is taken as the reciprocal of four times the false signal duration. This

can be stated as

F5(max) = •£- (7)

where T, is described by eq. (2) or is a larger value due to bandwidth

limitations.

3. Detection and control system

As shown in fig. 2, the reference master oscillator signal, a cos(w t),

is shifted B degrees in phase by a manual phase shifter and applied to a

phase-flipper (for example, a double-balanced modulator). The audio-frequency

square wave, also applied to the phase-flipper, causes its output to period-

ically change in phase by 180". This signal is coupled to the beam-phase

detector.

A beam-induced signal, b sin(u> t + $),, where b is related to the beam

intensity and $ to the phase of beam transit, is added vectorially to the

reference signal. The preamp output is a square-wave amplitude-modulated

signal having maximum and minimum envelope values:
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e v = K /[a
2 + b2 + 2ab sin(<M-B)],

(net X

e m i n = K /[a
2 + b 2 - 2ab sin(*+B)].

For zero percentage amplitude modulation and for stable loop operation

sin((f>+B) must equal zero which means that the arrival phase is 90° with respect

to the reference.

The preamp output signal is fed to a radio receiver having a broad-band

( -100 kHz) intermediate frequency response. (The wide bandwidth causes the

system to be relatively insensitive to receiver tuning.) A delayed and

amplified A6C system used in the receiver allows a wide range of signal

amplitudes. A gate between the receiver AM detector output and the phase

detector provides for gating off the false signal caused by phase-flip of the

reference.

The phase detector output can be controlled in bandwidth and gain and

applied to a voltage-controlled phase-shifter (VC<i>) thus controlling the

master oscillator phase drive to the pulser, buncher, or other device that

controls beam modulation.

A simplified drawing of the overall system is shown in fig. 3. A dc ion

beam from source (1) is bent by a 30° bending magnet (2), passes through

bunching grids (3), is accelerated by the FN Tandem Van de Graaff accelerator

and achieves a time focus while passing through a phase detector (6). Our

bunching frequency is 45.795 MHz. Thus each 21.836 ns of dc beam is bunched

to a time-focus less than 1 ns wide. The superconducting buncher is a helix

and further bunches the 1 ns bunch to about 50 ps for injection into a supercon-

ducting helical linac. It is the function of phase detector (6), signal

processor (7), and voltage-controlled phase-shifter (8) to cause the bunches
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to arrive at the superconducting buncher at a precise phase angle with respect

to the master oscillator signal as selected by manual phase shifter (9).

Changes in transit time between the bunching grids (3) and the phase detector

(6) will arise due to source and ternrina"l voltage drift, as well as imperfect

beam optics, and a high-frequency jitter in transit time will appear due to

source and terminal ripple, column section arching, etc. Thus the phase control

system must have a bandwidth from dc to several hundred Hz.

4. Initial tests
12C ions from a sputter source were injected at 90 keV and accelerated

to 45 MeV. Observation of the phase-error signal revealed 60 and 120 Hz

components as well as a low-frequency "bounce." The 60 and 120 Hz energy

modulation was due to ripple on the source elements, and the low-frequency

energy modulation was determined to be due to terminal voltage variation.

A 15 min run was made without phase lock, resulting in fig. 5a. The

full width half maximum (fwhm) is 1.2 ns. With phase lock, a run of 1.5 hours

gave a fwhm of 0.9 ns with 76% of the dc beam in its peak. This is shown

in fig. 5b.

Shown in fig. 6 are oscilloscope waveforms for phase error, upper trace;

and phase lock, lower trace. The oscilloscope was connected to the "receiver

output" jack. Fig. 6a shows a small phase error, indicated by a small

separation of the traces in the upper waveform. The lower trace shows the

condition for phase lock. The amplitide modulation is due to injection power

supply ripple. Note that phase lock does not remove amplitide variations

of the beam du= to source modulation but only serves the beam phase to that

of the master oscillator.
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Fig. 6b is a small section of fig. 6a using a faster time base. Fig. 6c

shows phase lock of a beam of heavier ions, requiring different beam optics

and, therefore, having different injection power supply ripple than for fig. 6a.

Operational results of the phase control system are more dramatic when

used with bunched beams of heavier ions. For example, Fig. 7 is a time-spectrum

of a bunched 58Ni beam, injected at 150 kV and accelerated to 82.5 MeV. With-

out phase lock the spread is 2.5 ns fwhm. Fig. 8 is a time-spectrum of the

same beam with phase lock. The width is now about 1 ns fwhm with 72% of the

d.c. beam in its peak.

5. Additional applications

A nondestructive system for determining the energy of an i6n beam by

measurement of transit time between two detectors is under development. The

system uses two helix resonators, spaced 1 m apart. For a frequency of 50 MHz

and v/c ranging from 0.05 to 0.15, the phase difference between detectors will

range from approximately 500° to 1200°. The angular resolution of the readout

will be 0.1° and the overall accuracy is expected to be 0.2°. This will provide

a transit time readout between 22 and 67 ns with a maximum error of 10 ps.

This corresponds to an energy resolution of 0.1% or better.

It is not necessary to have a bunched beam for energy determination. A

fraction of a percent modulation by a simple sine-wave buncher should i*e

adequate for measuring beam energy by transit time between spaced detectors.

It is also possible that the noise structure of a normal d.c. beam will yield

a measurement of beam energy through cross-correlation techniques between the

signal outputs of spaced detectors.
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Simple resonators along beam lines can serve as nondestructive beam

monitors for slightly modulated beams. The total equipment required is a

simple buncher, a resonator, an inexpensive radio receiver and a meter. Since

signal strength is directly proportional* to beam intensity, the method provides

a ready indication of beam loss through apertures, etc. This measurement in

no way affects beam quality.

6. A note on the ANL buncher

The ANL pre-tandem buncher is a single-gridded accelerating*gap with

aligned grids. It is excited by a sawtooth-like waveform obtained by combining

the first four harmonics of the beam bunching frequency, 48.5 MHz. Use of

four harmonics enables us to bunch a large fraction (> 70%) of the d.c. beam

from the ion source. (Only 31% of the d.c. beam can be bunched when bunching

with a single sine wave.)

The interested reader may wish to consult reference 1 which discusses the

theory of bunching and provides a complete description of the ANL four-harmonic

buncher.

APPENDIX

Some Details of the Electronic Circuits

Fig. 9 is a schematic of the electronics unit. A 100 kHz frequency is

counted down to 1000 Hz and provides a square wave to operate the phase

flipper and the synchronous detector. A mono-stable with variable pulse

width controls the input gate to the synchronous detector. A noise clipper

at the input clips large noise spikes and reduces electrical interference
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problems. The beam-phase error can be observed on the meter and on an

oscilloscope connected to the monitor output. With closed-loop operation,

the "beam reference phase" control is adjusted so the phase error meter has

an average reading of zero. Then the bandwidth and gain controls are adjusted

for minimum phase error as observed on an oscilloscope connected to the

"receiver output" jack. Phase error shows up as 1000 Hz chopping of the

receiver output signal.

For the initial tests a commercial radio receiver was used; a Communications

Electronics, Inc. (CEI) Model 960 with an associated signal monitor type

SM-9310. (CEI is now a part of Watkins Johnson Co., 700 Quince Road,

Gaithersburg, Md., 20760.) This equipment is general-purpose, general coverage

and is quite expensive (something like $8000.00!). Fixed-tuned special-

purpose receivers can be constructed at a substantially lower cost.

Since our bunching frequency is 48.5 MHz, our preamplifier and receiver

designs were based upon the use of integrated circuits designed for color

television intermediate frequency circuits that are optimized to operate near

this frequency. The ones we use are the Motorola MC 1350 I.F. Amplifier and

the MC 1330 Low-Level Detector. Fig. 10 shows how a special-purpose receiver

can be constructed using these devices.

The preamplifier uses an MC 1350. Total parts cost is about $15.00. The

circuit is shown in Fig. 11. Best S/N operation results when the gain control

is adjusted for maximum gain.

The "receiver" amplifies the signal with an MC 1350 and detects it with

an MC 1330. The output is fed to a trip circuit that provides logic-level

signals indicating the presence or absence of the beam. The signal is also

displayed on a "beam-current" meter with full-scale readings ranging from
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1 na to 1000 na. This provides a non-destructive non-interacting measurement

of beam current.

The r.f. reference signal will cause a false indication of beam current.

This can be nulled out by a front-panel screwdriver adjustment marked "ref null."

The "receiver output" signal is applied to a synchronous detector along with

the 1000 Hz square wave. The resulting output signal controls the phase of

the buncher.

A circuit diagram of the receiver is shown in Fig. 12. Total parts cost

is estimated at less than $200.

Design information on the helix structure can be obtained from L. Bollinger,
4

T. Wangler or W. F. Henning, all of the Physics Division, ANL .
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