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ABSTRACT

Methods of producing square and sine wave beam mcdulation of a 3 MeV

Van de Graaff accelerator are described.

Square pulses are produced at frequencles from lOOkc/s to d.c. with up
to a 100 per cent duty cycle and a minimum pulse length of 8 us. The ratio
of the off-current level to the on-current level is less than 5 x 10™% and
can be futrther reduced by a post-acceleration deflection system to less than
1075, The unit, which is triggered from a command pulse external to the
machine, ig in the top terminal of.the Van de Graaff and has shown itself to be

highly reliable over some 1,000 hours of machine operation,

The sine wave modulation unit described here operates in the range
80-1C000 c/s with a modulation depth of up to 90 per cent and higher harmonic
contamination of less than 1 per cent.

Note: This work has been submitted to a journmal. Further detalls can be
obtained from the author or from the Director of the Research
Establishment.
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1. INTRODUCTION

Pulsed neutron source techniques have become a powerful tool in many fields
in reactor physics. In general the pulsed waveform is either square or sinusoidal
although Arai and Kuchle (1965) have reported an experiment in which an effectively
exponential waveform was used. The square pulse is used typically in die-away
experiments ou both pure moderators and fuelled systems (Beckurts 1965, Keepin 1964),
in pseudo-random pulsed experiments (Uhrig 1965) and in neutron history experiments
(Barnard et al. 1963). So far the sine wave pulses have been used only in the

analogue of the die-away experiment (Perez and Uhrig 1963) .

The die-away experiment places the most stringent conditions on the neutron
source. Provided sufficient inteunsity is available any pulsed neutroan source
suitable for a die-away experiment can be used in the other experiments. A
pulsed neutron source suitable for a die-away experiment should have the following

properties:

1. The 'off' pulse current level should be small compared to the 'on' pulse

current level. A reasonable figure is a ratio of 107°.

z. The pulse length and repetition times should be variable over a wide
range to match the decay constante of the assemblies under study. For
example, in water systems, pulse lengths of from 100-500 ps may be
required, with the time between pulses in the range 500-5,000 ps; in
Be0 or graphite systems the pulse lengths would be 500 ps - 5 ms with

the time between pulses in the range 5-20 ms.

3. The source should be externally triggered so that it can be driven by

some master timing system used to drive the other timing equipment.

4, The rise and fall times of the pulse do not seem critical but it appears

preferable to keep them in the 1-10 ps region.
5. The source should be highly reliable.
6. The intensity should be counircllable.

The source intensity required will depend very much on the experiments
being done, but a source strength of 1012 _ 1018 n/sec is sufficient for a wide

range of experiments, excluding the neutron history type of experiment.

Criteria for a sine wave neutron source have received little comment in the
literature. Calculations at this laboratory have shown that the following

properties would be useful:



1. The wmodulation depth should be greater than about 90 per cent so that

the ratio of the sine wave component to the d.c. level is maximised,

2. Harmonic distortion should be less than 5 per cent, especially at low
frequencies.
3. The a.c. componeut of the source shouwld be a maximum at the higher

frequencies, as it is rapidly attenuated and quickly disappears into

the d.c. 'background'.

4. The freguency range should be at least 0-10 kc/s and preferably

0-100 kc/s to cover the thermalization region.

Section 2 of the paper describes the method and equipment used to produce a
sguare wave modulated beam from a 3 MeV Van de Graaff accelerator and describes
the performance of the equipment over several hundred hours of machine operation.
Section 3 describes the method used to produce a sine wave modulated beam from

the accelerator and also gives some performance figures.

2. SQUARE WAVE MODULATION

2.1 Method of Operation

The 3 MeV Van de Graaff has, as part of its standard eguipment a deflection
chamber in the top termiﬁal, composed of deflection plates, aperture and suitable
focus electrodes, (H.V.E.C. part number D-K-TU-35). It is designed to produce
pulses in the range 10-100 ns. This deflection chamber has been used to produce
8 square wave pulsed beam by applying a suitable voltage pulse to one of the
lower deflection plates. The deflection voltage can be triggered on and off by
command pulses fed through the light pipe system, indicated in the block diagram
of Figure 1 and described in more detail below. The changeover from nanosecond
operation to sgquare wave operation is effected by a switch at the control desk

of the machine.

It requires about 40 volts or so, applied between the bottom plates in the
deflection chamber to move the core of the beam (which at that stage has an energy
of some 30 keV) away from the aperture. However, because of the penumbra round
the beam, a deflection voltage of about 1 kV is used to minimize the current
escaping into the accelerator tube during the off-current period. The 1 kV is
applied through a suitable registor chain to one of the deflector plates. The
deflection plate is in parallel with a valve (V8 of Figure 2) which acts effectivel:
ag a switch. The valve is normally biased beyond cut-off but when a positive

voltage (~200V) is applied to its grid it conducts heavily and the voltage ou its



anode approaches that of the cathode. The cathode is connected to the zero-voltage
line of the top terminal and hence the voltage at the deflection plate swings
between about 1 kV and zero. In practice the voltage on the anode does not go

to zero when the valve is bilased oﬁ, but remaiuns some 12 volts positive. To over-
come this, a variable bias voltage covering the range -40 to +20 volts is applied
to the other deflection plate to eusure zero voltage difference between the de-

flection plates during the on-current period.

The design is fairly couveutional and the circuit details are shown in
Figure 3. The emphasis has been placed on reliability and ruggeduness. The
system consists of an 'on' channel and an ‘off' chamnel which have identical
circuits and whose outputs feed into a flip-flop (V6 and V7) which supplies the
drive pulse for the final output valve V8. In each of the channels, the incoming
trigger pulse is amplified (V1, V9) and fed through diodes (v2, v10) which are
biased to preveut pulses smaller than 5 volts passing through the system and
producing accidental triggering of the deflection voltage. The outputs from V2
and V10 drive monostables (V3, V4,.V1l, V12) which shape the amplified pulses
to pulses about 10 ps long with fast (~ 1 ps) leading and trailing edges. These
pulses are again fed through bilased diodes to discriminate against spurious

pulses before passing on to the flip-flop.

The circuitry used to provide the light flashes which trigger the 1 kV pulse
generator is shown in Figure 5. The light flashes are obtained from pulsed in-
dicator lamps with a flucrescent anode (DM160) . The unit can operate in two modes.
In one mode, an 'on' command pulse is fed directly to the grid of the DM160 in
the 'on' chanuel and the 'off' pulse to the DMI6O in the 'off' channel. The time

between the two pulses determines the beam pulse length from the machine. In the

t 1

second mode, the frout edge of a command pulse is fed to the grid of the 'on
DM160. The back edge of the command pulse triggers a tunnel diode-transistor
hybrid ‘circuit (TD1l, TR1) which triggers a monostable (TR2, TR3) to drive the
'off' DM160. Hence in this mode the beam pulse length is determined by the length

of the input command pulse.

2.2 Performance of the Square Wave Pulsing

The square wave pulsing unit described above has been installed for some
1,000 hours of machine time. During this time it has operated for some 430 hours
and the only major problem has been a reduction of light transmission caused by
the formation of colour centres in one of the Perspex light pipes. The affected

light pipe is very close to the X-ray source formed by back-streaming electrous



at the top of the accelerator tube. The discoloration causes an attenuation of
the light signal that increases with time until the photomultiplier output is

not high enough to pass through the discriminator diodes.

It ghould be noted that the environmental conditions in the top terminal
are quite severe. Accelerations due to vibration reach a maximum of 5G at 800
and 1200 c/s and necessitate the use of anti-vibration mountings to avoid undue
stresses on some of the more sensitive components. Voltage breakdowns in the
accelerator tube induce high voltage surges in the circuitry of the top terminal
which rapidly destroy any solid state devices. For this reason hard valve
circuitry was used throughout to improve the reliability of the gystem. Finally
the pressure in the top terminal is 280 p.s.i. with temperatures up to 80°C aund

special components are required.

The current wave form obtained from the machine when it is producing square
pulses is shown in Figure 4. It can be seen that the rise and fall times are
falrly fast ( ~ 1 us). However, details of the leading and trailing edges shown
in Figure 4 indicate that there is a delay of about 2 ps after the command trigger
pulse before the beam starts to move. The staircase effect on the trailing edge
of the pulse is thought to be caused by the penumbra round the beam. The dip
near the front edge is not well understood, but does depend critically on the
gas pressure in the ion source and also on the focusing in the deflection.

chamber.

The maximum current available in the pulse is 1.3 mA of protons and 850 upA
of deuterons, both limits being set by the ion source. The majority of the work
done using the square wave pulsing has used deuterons with 300-750 vA in the
pulse. The off-pulse current level, even with a 1 kV deflection voltage, ig
about 0.05 per cent of the on-pulse current level. Hence for the neutron die-
away experiment it has been necessary to install a 10 &V post-acceleration
deflection unit (Figure 5) which is activated by the same pulse that triggers the
beam pulse. This unit reduces the ratio of the off~pulse current level to on-

pulse current level to legs than 10 °.

The top terminal pulsing unit is capable of a 100 per cent duty cycle, so
that it is possible to run the beam continuously, switching off at a given signal,
or conversely to have no beam, then trigger it on. The minimum pulse length avail-

able is 8 us measured as the full width at half maximum.



3. SINE WAVE MODUIATTON

3.1 Method of QOperation

If the centre of a circular beam is moved with simple harmonic motion from
the centre of an aperture of the same diameter, to a distance of one radiuns
length from the edge of the aperture, the variation of beam intensity at a target

placed after the aperture is given by

o

I = A(lI/2-sin"*3(1-simvt) - H{1-siwt) (1-3(1-simet)®)?)  ...(3.1.1)

Fourier analysis of this expressioun jndicates that it can be described to within

20 per cent by the form:
I = A(1 + cosat)

The higher harmonics present in the expression (3.1il) can be suppressed by feeding
a signal from the target at which sine wave modulation ig required, into a suit-
sble feedback system. Such a feedback system is indicated in the block diagram

of Figure 6 and the circuit details are given in Figure 7. It is designed for

a loop gain G of S50 at low frequencies falling to 14 at 1.5 ke/s. The feedback
system reduces any distortion in the signal by the factor 1/(1 + Q).

The whole system does not have to be too rugged as it is outside the pressure
tank and not exposed to the rather extreme environment of the top terminal. The
aperture becomes a source of neutrons if deuterons are used in the beam.. However,
the neutron radiation from the aperture is small compared to the output from the
target. It could be further reduced if the deflection unit were installed iun the
top terminal but there would be problems with the frequency response of 'the feed-

back loop.

3.2 Performance of the Sine Wave Modulation

Figure 8 shows a frequency analysis of a modulated beam with and without
feedback, when the input frequency is 490 c/s. The signals at 50,100,150 and
200 c/s sre produced by the mains supply at 50 c/s. Those at 345 and 690 are
the fundamental and higher harmonics of the alternator in the top terminal of
the machine, while those at 490, 980 and 1,470 are the input signal and its
harmonics. The feedback reduces all the "unwanted' frequencies quite dramatlc—

ally, the harmonics of the ianput signal falling to less then 1l per cent.

The modulation depth during these runs is about 30 per cent, it being
difficult to reduce the beam intensity completely to zero and still maintain
good control of the frequency. The device described above covers thé range
80-1,000 ¢/s.



A new system has been desigued for 0-10 kc/s operation.
4. DISCUSSION

The square wave pulsing unit described above has been installed in a 3 MeV
Van de Graaff aliready equipped to produce 10 ns pulses at a 1 Mc/s repetition rate.
Thus, by the use of suitable controls at the console the one machine can produce
‘pulses from 10 ns wide to d.c. with repetition rates from O-1 Mc/s with a small
gap at repetition frequencies in the range 1 Mc/s - 100 ke/s. The peak current
available ian the pulse is about 1 mA. This implies a source intensity of
2 x 10* n/sec if the Be®(d,n)B° reaction is used at 3 MeV.

The square pulse, with the addition of post-acceleration deflection,
satisfies the criteria set out in Section 1 and has proved suitable for the
die-away type of experiment. The low background level present during the off-
current period, and the intense initial neutron pulse make it possible to follow
the decay of neutron population for a long time. The ability to trigger the beanm
Pulse externally also makes the source eminently suitable for the pseudo-random
pulsing type of experiment. Moreover, this triggering facility would prove useful
in an experiment where events may be few and where background from the Van de Graaf
beam may be a problem. In this case it is possible to run the machine at a high
d.¢. level until an event of interest occurs, at which time a pulse from a suit-

able counter will cut the beam off,

The sine wave modulation unit satisfies all the criteria of Section 1 except
that of wide frequency range. A circuit has been designed to cover the wider

frequency range.

It should be noted that the sine wave pulsing unit is basically a feedback
system or 'follower' and therefore is capable of producing any wave form compatible
with its frequency response by substituting the desired wave form for the sine wave

at the input of the differential amplifier.
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FIGURE 4. WAVEFORM OF SQUARE WAVE MODULATION

Pi171



lINN NOI133T43a NOILVITIIIIV-1SOd 410 WVIOVIA LINDAD S JANDIL

T

AT » T
S
L F)
9 Moy CARGS
oo AR o
& rrowy A oK Aoo/ - AN Or 5Z-
5z¥
& Ak nxe Diteiigd noss == rows > €
: i d [l 178
- A Ky = A aAgeZ - ™ I |
x AL s A S W er ot OOV AOET
’ AT A E (PPwre ctur' 4] ADrZ As
2 FATmA | NTONLD & T P ] Hrores »*id
DNINCIADIINIIT LI SIS AT FDELTOA
r-
S
momE Lig iz aot
e 1z
iy
ALY
snve
.__lhc.H.s o ==
o o= A _-LOo.ra.u sl
- - —-=- 1 == ™ 1
- ““ - e
el ”wa
< =Nz
w W vy
| Ax v_*.O
€A
.—.\_u._ © hj .
0P v
LY !D_W AR > WORE & v.o.mu.ﬂn niv
oFy o ”y E ] u > o T
AR A b b
AEE ww

L]

voooIouuusoun




(YR

1INN NOILVINAOW JAVM 3NIS 40 WVYIDVIAQ %0018 "9 3dNn9ld

Y01lvy3aN3d
AV
aNIs

3 dNdWY

YIS 1dNY

TVIINIY34Ia

J9VLI0A
HIIH

1394V1

34NLY3dY

S3IVid § NOILJ343G

A AA
YYVYYY



AOEE+

1L1id

1INt NOUVINAOW IAVM 3INIS 40 WVYIOVIQ LINDAID £ I¥NOH

Prrnscsn AN =t VWA ) d
€ ¥el L)
| Svig A5Z 1
A00I - 3
| o ﬁjo_ 1 ._- oz 2
Z svig i gilarfon 2
= %00I — 391 g 3 s
% T
I_I e L HJ *>—y ﬁ >
= © Z ANdNi
AST
2
1150 o Wi W3
ASY 3
3 A'
t 3
=== == s
VoIS ¥oLe oNvs yoLz =553 L1 tnam
2
= S — —
H a0zl X06E2 H 208§ 108 H
NZT X6 oz T avoz oz T
AOOZ +

O = = = e e e

1HI

%01 201




0
0

1T T T T TFE

AMPLITUDE (ARBITRARY SCALE)

o]

LR

! o1 riyri l T T rrrr | LI

# Numbars indicate approximate
goin at that fraquency

|

Open loop
gain unity

b1t

Open loop gain
-~ z ot 500¢c/s=26

p—
I T T T I~ TTLl L RN EY | 1

]
100 poo 10000
FREQUENCY (c/s)

FIGURE 8. FREQUENCY ANALYSIS OF SINE WAVE MODULATED BEAM

Pli7l



