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A high speed oscillograph, using ordinary ink and paper, has been developed that provides a new approach to the
old problem of producing instantly visible, high frequency records with inexpensive writing materials. A high speed
jet of ordinary fountain-pen ink is divided into a uniform procession of drops, each of which is independently
charged in proportion to an input-signal voltage. After projection through a constant transverse-deflecting field,
the charged drops are collected on a moving chart to form an instantly visible, permanent record of the input
signal. Drops are typically formed at a rate of 100 000/sec; each has an independent trajectory and makes an in-
dividual mark representing an independent sample of the input waveform. The ink stream may be switched on or
off at high speed by providing, between the drop-launching point and the record surface, a collector that intercepts
drops having a specific trajectory. Besides oscillography, which is discussed in detail, the technique has applications
in other fields requiring marking at high speed or marking without pressure or physical contact.

INTRODUCTION

URRENTLY wused pen or stylus oscillographs are

limited to input signals having frequency components
below a few hundred cps, while recorders useful in the
kilocycle range generally capture the signal information on
a relatively expensive and inconvenient light-sensitive
medium. This paper describes a high speed oscillograph,
using ordinary inkand paper, that provides a new
approach to this old problem of producing instantly
visible, high frequency records with inexpensive writing
materials.

The system writes with a jet of ink that is electro-
statically charged and deflected in accordance with the
input signal potential. The technique differs from methods
used in previous jet-writing systems in that the ink stream
is divided into a regular procession of uniform drops, and
the drop charge, rather than the deflecting field, is con-
trolled by the input signal. Each ink drop leaves on the
record surface a mark that represents an independent
sample of the input-signal amplitude, taken at the instant
the drop was charged. In a typical oscillograph, drops
are charged and launched at a repetition frequency of
100 000/sec, and although about 200 drops are simultane-
ously in flight; each has an independent trajectory. The
high frequency detail that can be recorded is determined

* Prepared under Signal Corps Contracts DA 36(039) SC-87300 and
DA 36(039) AMC-03761(E).

only by the rate at which drops are formed, and not by the
transit time required for them to traverse the constant-
deflection field.

BACKGROUND

The recording system writes with fluid drops having
precise uniformity in size, repetition frequency, and initial
velocity. The drops are generated by the division of a
regularly disturbed cylindrical jet, a process first described
in 1833 by Felix Savart,! and later treated analytically by
Raleigh,? Weber® and Goren* As they form, the drops are
charged by electrostatic induction, using essentially the
same configuration employed by Kelvin?® in 1867 for charg-
ing the water drops in his electrostatic generator. Magnus®
showed in 1859 that the drops in a regular procession of
uniform fluid drops, formed in a constant electric field,
follow identical curved trajectories, and this principle has
been employed by Waage” in a cathode-ray-tube demon-
stration model that uses water drops to represent electrons.
Recently, Magarvey and Blackford,® Mason and Brown-

1 Felix Savart, Ann, Chim. Phys. 53, 337 (1833).
2 Lord Rayleigh, Proc. Roy. Soc. (London) 29, 71 (1879).
3C. Weber, Z. Angew. Math. Mech. 11, 136 (1931).
4S. L. Goren, J. Colloid Sci. 19, 81 (1964).
5 Lord Kelvin, Proc. Roy. Soc. (London) 16, 67 (1867).
& G. Magnus, Phil. Mag. $4, 18, 161 (1859).
TH. Waage, Am. J. Phys. 24, 478 (1956).
(13 13) H. Magarvey and B. L. Blackford, J. Geophys. Res. 67, 1421
962).
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116, 1. Ink-jet oscillograph.

scombe,® and Schneider' have reported on techniques for
forming, charging, and deflecting water drops, using
methods similar to those described here.

Writing techniques employing fine jets of ink have a
history e¢xtending back to at least 1873. One version of
Kelvin’s!* “siphon recorder,” and the Elmqvist!®13 system
now used in commercial oscillographs in Europe, use an
ink jet issuing from a nozzle that is aimed by the moving
coil of a galvanometer. Jet writers patented by Hansell,*4
Schroter,!* Richards,® and Winston!? deflect ink jets with
electrostatic or magnetic fields; however, the transient-
response time of these systems is limited by the time re-
quired for the ink to traverse the deflection field.

SYSTEM CONFIGURATION

Figure 1 shows the configuration of an experimental
oscillograph and gives an example of typical parameter
values. Ordinary fountain-pen ink (Schaeffer’s “Scrip”),
having fluid properties similar to those of water, is supplied
at a pressure of 4.2 kg/cm? to a nozzle having an exit di-
ameter of 0.0035 cm. The resulting cylindrical jet of ink
emerges with an initial velocity of 2100 ¢cm/sec and a
volume flow rate of 0.02 cc/sec. Most of the 3.5-cm flight

from nozzle to paper takes place in a constant transverse
electric field of 16 kV/cm.

9 B. J. Mason and J. L. Brownscombe, J. Sci. Instr. 41, 258 (1964).

10 J. M. Schneider, Rept. CPRL-2-64, Charged Particle Res. Lab.,
University of Llinois, Urbana, Illinois (1964).

171 Lord Kelvin, Trans. Inst. Engr. Shipbuilders Scotland (18 March
1873).

2 R. Elmqvist, U. S. Patent 2,566,443 (1951).

13 W. Kaiser, Siemens-Rev. 26, 191 (1959).

4 C. W. Hansell, U. S. Patent 1,141,001 (1933).

15 1, Schroter, U. S. Patent 1,882,043 (1932).

16 C, H. Richards, U. S. Patent 2,600,129 (1952).

17 C. R. Winston, U. S. Patent 3,060,429 (1962).

Figure 2 is an exploded view showing the principal com-
ponents of the assembly that launches and charges the ink.
The tiny glass nozzle, cemented into the end of the metal
supply tube, points to the left. The ferrite core and coil
magnetize the strip of nickel brazed to the nozzle supply
tube at a frequency of 100 ke, and magnetostriction of the
nickel results in vibration of the nozzle along its axis at
the excitation frequency. The ink-drop-charging electrode,
just to the left of the nozzle, has a U-shaped cross section
where it surrounds the jet. The jet passes between the
sides of the U, spaced 0.050 cm apart, entering as a con-
tinuous stream and emerging as a series of discrete drops.
The electrode is pivoted so that it can be swung away from
the jet to facilitate observation of the drop-formation
process.

DROP FORMATION

Surface tension acts to decompose the unstable cylindri-
cal jet issuing from the nozzle into drops having a smaller
total surface area and lower surface energy. The nozzle
vibration modulates the velocity of the ink jet and es-
tablishes an axially symmetric disturbance in the jet profile
that initiates the breakup process. Once established, the
disturbance envelope grows exponentially, finally severing
the jet at regularly spaced intervals. Drops form in exact
synchronism with the 100-kc nozzle vibration—the dis-
tance from the nozzle at which the drops separate, and
their size and spacing, are determined, within limits, by
the vibration amplitude and frequency. Surface-tension
forces are opposed mostly by fluid inertia in the breakup
process. Jet surface charge induced by the signal input
causes electrostatic forces that oppose surface tension;
the effect on disturbance growth is small for the maximum
input potentials used. Viscous forces are negligible? if the
square of the ink viscosity is small compared with the
product of ink density, ink surface tension, and jet di-
ameter—this is the case for the ink actually used.

o
}{f W

Fic. 2. Ink-drop gun, exploded view.
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I'16. 3. Ink-drop formation.

The instant of drop separation is defined by the breaking
of the fine fluid ligament connecting a drop in the final
stage of formation to the parent jet. Under some conditions,
the ligament breaks at more than one point, forming a
tiny secondary or satellite drop (‘“Plateau’s spherule”).
The tendency for this secondary drop formation is in-
creased when the jet is charged. Surface charge also en-
hances a tendency for the main drops to subdivide if the
seclions into which the jet is resolved are too long.

To minimize electrostatic and aerodynamic interaction
between neighboring drops in flight, the initial drop-to-
drop spacing, equal to the disturbance wavelength on the
undivided jet, should be as large as possible. Subdivision
of the main drops limits the ratio of disturbance wavelength
to jet diameter that can be used. Vibration amplitudes
that favor secondary-drop formation must be avoided.
In our example, which is typical, the disturbance wave-
length (jet velocity/vibration frequency) is 0.021 cm, or
6 jet diameters. The peak jet-velocity modulation at the
nozzle is about 70 cm/sec and results in drop separation at
a point 0.13 cm downstream from the nozzle exit. Each
drop has a diameter of 0.0073 cm and a mass of 0.2X10~%g.
Figure 3 is a photograph showing the drop-formation
process.

DROP CHARGING

The drop-charging signal is applied between the metal
ink-supply tubing, which contacts the ink flowing to the
nozzle, and an electrode that surrounds, but does not touch,
the jet at the drop-separation point. The signal potential
establishes an axially symmetric electric field and corre-
sponding charge at the surface of the unbroken column of
conducting fluid extending from the nozzle. Neglecting
the influence of charges on nearby free drops, the charge on
a separating drop is equal to the product of the capacitance
between drop and charging electrode and the charging
potential at the instant of drop separation. Axial-velocity
modulation of the drops by forces due to the charging field
is small, because the charging potential is low compared

with that establishing the deflection field. In our example,
the computed capacitance between charging electrode and
separating drop is 0.004 pF. A 1-cm drop deflection at the
record surface requires a drop charge of 0.6X107* C and
an input charging potential of 150 V. The input impedance
equals the reactance of the capacitance—a few picofarads—
of the charging electrode to the ink jet and ground.

A separating drop is also capacitively coupled to nearby
drops just previously launched, and its charge is influenced
to some extent by the charges on these neighboring drops.
This drop-to-drop coupling modifies the high frequency
response and results in an overshoot for a step change in
input voltage. Typically, the overshoot has a magnitude

'of 209 and a decay time constant of 15 usec. The frequency

response may be equalized, and the overshoot may be
eliminated, by preceding the input terminals with a simple
RC network.

The foregoing discussion of drop charging assumes a
perfectly conducting fluid and thus an equi-potential jet
surface between nozzle and drop-separation point. For a
fluid having finite conductivity, the “beam” current
(0.06 uA for a drop charge of 0.6X107%* C) causes a po-
tential drop along the undivided jet between nozzle and
drop separation point that must be subtracted from the
input potential to obtain the cffective drop-charging
voltage. For transient inputs, the current that charges
the capacitance distributed along the undivided jet must
also be considered. The potential drop along the jet should
be small compared with the input charging voltage, and
the charge redistribution time on the jet, following a
transient input, should be small compared with the drop
repetition period. In a typical system, this requires that
the ink resistivity not exceed several thousand Q-cm. The
ink actually used in our systems (Schaeffer’s “Scrip”) has
a resistivity of 130 Q-cm and the resulting potential vari-
ation along the jet is negligible.

ELECTROSTATIC FORCES

The deflection field traversed by the drops should be
everywhere parallel to the record surface, so that drops
having different charges will have the same transit time.
If the only force on the drops in flight were exerted by such
a field, each drop would follow a parabolic trajectory, and
the impact point on the record surface would be displaced
from the jet axis by an amount accurately proportional to
drop charge. The magnitude of the deflection field is
limited by the dielectric strength of air. It is made as high
as possible, over as much of the drop flight path as possible,
in order to minimize the drop charge required for a given
drop deflection. However, the field cannot be maintained
at the record surface, because the ink forming the record
trace is a conductor. The deflection plates therefore do not
extend all the way to the record surface, and edge effects
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result in fringing and nonuniformity of the field in the
region adjacent to the record surface. The result is non-
linearity in the deflection characteristic and an increase
in drop transit time for large deflections.

Distortion caused by field fringing and by mutual
electrostatic forces between drops is minimized by a long,
flat trajectory and low drop charge. For a deflecting field of
16 kV/cm, the deflecting force (proportional to drop
charge) on a drop with the tyvpical charge (for a 1-cm
deflection) of 0.6X 107 C is 0.10 dyn. The corresponding
mutual force (proportional to charge squared) between
two drops with minimum spacing (0.021 ¢m) is 0.007 dyn.
Gravity exerts the negligible force of 0.0002 dyn. In general,
distortion caused by mutual forces determines the practical
limit for drop charge rather than corona or deformation of
the jet surface by electrostatic forces during drop formation
and charging.

AERODYNAMIC DRAG

Although increasing the distance from nozzle to record
decreases the charge required for a given deflection and
hence the relative importance of mutual forces, it increases
the distortion caused by aerodynamic drag. Associated
with each drop in transit is a turbulent wake of disturbed
air extending back along the line of flight, and a drop im-
mediately following another experiences substantially less
aerodynamic drag than does a drop traveling in still air.
The decelerating force on a particular drop thus depends
on the waveform being recorded and the position of the
drop in that waveform. The resulting uncertainty in transit
time increases with jet length and causes both time and
amplitude errors in the record.

The maximum nozzle-to-paper spacing that may be used
without serious aerodynamic effects is increased substan-
tially by directing a stream of air across the space traversed
by the drops, as shown in Fig. 1. The air flows in a direction
perpendicular to the jet axis, and displaces the wake behind
each drop so that it extends at an angle to the line of flight.
Interference with following drops is reduced and, except for
a constant displacement down the air-stream axis, each
drop behaves as if it were traveling in still air. The air
tyvpically has a velocity of 750 cm/sec (about § of the jet
velocity), and is carefully smoothed to minimize turbu-
lence. In our example, the initial axial decelerating force
due to air resistance is 0.11 dyn—about the same magnitude
as the transverse electrostatic deflecting force. Air drag
decreases the axial component of drop velocity from the
initial value of 2100 cm/sec to about 1300 cm/sec at impact.
The corresponding transit time for the 3.5-cm journey is
2.1 msec.

DISTORTION

System fidelity is determined by: (1) uniformity and
short-term stability of the mass, initial velocity, and

charging geometry of the ink drops; and (2) variations
from the ideal drop trajectories during flight resulting from
deflection-field fringing, aerodynamic forces, and mutual
electrostatic forces. It turns out that system distortion is
dominated by the defects listed in (2), which are associated
with forces acting on the ink drops during flight, and not
by defects in the launching and charging processes. Re-
cording fidelity is thus principally determined by the
geometry of the flight path and deflection system, the
aerodynamic Reynolds number, and the relative magni-
tudes of the aerodynamic forces, mutual electrostatic
forces, and deflection forces that act on the drops during
flight.

The typical parameter values given are appropriate for
a system having a 100-kc¢ drop-repetition rate and a maxi-
mum peak-to-peak deflection, without serious distortion,
of 2 cm. To obtain a greater undistorted deflection, a
larger system is necessary, having a lower drop-repetition
rate. Conversely, to increase the drop-repetition frequency,
the dimensions of the system, including the maximum
deflection, must be reduced. For systems not differing too
much from the onc described, the product of drop-repetition
frequency and maximum deflection amplitude is approxi-
mately constant.

FREQUENCY RESPONSE

The full-scale transient-response time of the oscillograph
equals the drop-repetition period—10 usec in our example.
The corresponding frequency response is not so easily
defined. The oscillograph constitutes a sampled-data sys-
tem, with a sampling rate equal to the drop-repetition
frequency- -typically 100 kc. According to Shannon’s'®
sampling theorem, the frequency response extends to one-
half the sampling frequency (i.e., to 50 kc), provided the
input-signal frequency is band-limited to that value. How-
ever, the discontinuous sampling process and presentation
make the interpretation of high frequency records difficult,
and result in a usable frequency response that may be much
less than theory indicates, depending on the particular
application.

INTENSITY MODULATION

A collector is interposed between nozzle and paper, as
shown in Fig. 1, to intercept ink drops having a deflection
just exceeding that produced by the maximum signal. The
quantity of ink forming the recorded trace may then be
reduced by charging the ink drops with a pulse train that
is amplitude-modulated by the signal to be recorded. The
width of each pulse is made just sufficient to charge one
ink drop, and the pulse-repetition frequency is made equal
to the desired ink-drop delivery rate. The charging signal

5B, M. Oliver, J. R. Pierce, and C. E. Shannon, Proc. IRE 36,
1324 (1948).

Downloaded 15 May 2006 to 128.210.61.98. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Reprinted with permission from Sweet, RG. Review of Scientific Instruments
36(2):131-136, 1965. Copyright 1965, American Institute of Physics.

HIGH FREQUENCY RECORDING 135

is biased so that drops charged by the pulse peaks form the
record trace, while drops having a charge corresponding
to the pulse baseline voltage are intercepted by the
collector.

To avoid deflections corresponding to the raising and
falling portions of the pulses, signal sampling (drop
separation) must not occur during the transition intervals.
The pulses are therefore synchronized with the drop-
forming signal (nozzle-vibration-transducer input) and
phased so that drop separation occurs at the center of each
pulse and not during the transitions between pulse peak
and baseline. Proper operation requires appropriate sta-
bility for all the parameters that influence the phase
relationship between the drop-forming signal and the drop-
separation time.

PERFORMANCE

For a system having a 100-kc drop rate and a maximum
peak-to-peak record amplitude of 2 cm, the maximum
deviation from a linear deflection characteristic is about
+5% of this full-scale amplitude. Accuracy along the
time axis is limited by variations in ink transit time to
about 325 usec.

Performance of typical experimental systems is illus-
trated by the oscillograms reproduced full size in Fig. 4.
The 10-cps square-wave record of Fig. 4(a) was written
with 2000 ink drops per sec. The good resolution at the
low (17-cm/sec) chart speed results from interception in
transit of 989 of the 100 000 drops launched per second.
Figure 4(b) shows a 1-k¢ damped-sine-wave record for
which drop interception was determined automatically by
circuits controlled by the signal derivative. The drop-
repetition rate at the record surface varies from a minimum
of 4 kc at zero signal to a maximum of 50 k¢ at maximum
signal slope. This derivative-control technique permits
high frequency signals to be recorded at low chart speeds
without blurring the trace with surplus ink when the signal
fluctuations are small.

Figures 4(c) through 4(e) show records of equal-
amplitude sine waves, having different frequencies, taken
at the same chart speed and a drop-repetition frequency of
80 kc. No ink was intercepted. The high frequency capa-
bilities and shortcomings of the system, resulting from the
discrete sampling process, are evident. Figure 4(f) shows
a 10-kc sine-wave record taken with a smaller, higher
frequency system having a drop-repetition frequency of
174 ke.

APPLICATIONS

This technique should be capable of development into
a practical oscillograph having advantages found in no
other currently available system. Recorders with a multi-
plicity of channels are easily arranged, with several

(@)

Y

Fic. 4. Representative oscillograms, (a) 10-cps square wave, (b)
1-kc damped sine wave, (c) 2-kc sine wave, (d) 4-kc sine wave, (e)
8-kc sine wave, (f) 10-kc sine wave.

channels sharing a common deflection system. Traces may
cross without interference, and channel identification can
be facilitated by the use of colored inks. With respect to
deflection amplitude and accuracy, the system performance
isinferior to that achievable with optical oscillographs—the
technique is, therefore, most useful in high frequency
applications requiring only moderate precision, but where
convenience and operating economy are important.

Extensions of the technique should be applicable to
high speed printing and facsimile systems. In systems re-
quiring only on-off control, and not analog deflection, the
drop flight path need be shifted very little to transfer
between marking and intercepted trajectories. Very small
jets with drop-formation rates substantially higher than
those appropriate for oscillographs might then be practical.
Jets arranged in closely spaced arrays, using a common
deflection field, could be independently controlled to pro-
vide information-recording rates well into the megacycle
range.
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The absence of physical contact or critical spacing be-
tween the ink-launching mechanism and the record surface
suggests applications in marking or labeling of rough or
curved surfaces, or surfaces sensitive to pressure. More
general applications include the precise high speed control
of any kind of low volume fluid flow. The technique could
be used to accurately dispense or deposit any solid sub-
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stance that is soluble in a conducting-fluid wvehicle, or
that is sufficiently fluid and conductive when molten.

ACKNOWLEDGMENT

The work described in this paper was supported by the
U. S. Army Electronics Research and Development Labo-
ratories under Contacts Da 36(039) SC-87300 and DA
36(039) AMC-03761(E).

FEBRUARY 1965

High Efficiency Source for Metal Ions

G. D. MacnusoN, C. E. CarisToN, P. MAHADEVAN, aND A. R. CoMEAUX
Space Science Laboratory, General Dynamics/Astronawutics, San Diego, California
(Received 31 August 1964; and in final form, 23 October 1964)

An ion source is described which produces beams of ions of both high and low vapor pressure materials, The source
has the following characteristics which make it suitable for accelerator applications or laboratory ion beam experi-
ments where the large size and complexity of isotope separator ion sources would be a disadvantage: (1) small size,
(2) simplicity of construction and operation, (3) long filament life, (4) high charge utilization efficiency, (5) wide
operating temperature range, (6) relatively modest power requirement, (7) ability to operate efficiently on either
gas or solids. The source operates by electron bombardment jonization of the vapor of the charge material. The
vapor is obtained by heating the charge to a sufficiently high temperature to achieve the proper source operating
pressure. A unique feature of this source is the combination of the discharge chamber and charge container into one
chamber. The operating temperature range of the source is from approximately 300 to about 1600°C. Beams of
Znt, Al*, Cut, Ag*, Aut, and Fe™ jons have been produced which contain but a small percentage of impurity ions.
The charge material in all these cases has been the pure metal.

1. INTRODUCTION

HE ion source reported in this paper was designed

and constructed to produce ions of both high and

low vapor pressure materials. It was designed for use on a

3.0-MeV accelerator to investigate high energy particle-

particle and surface-particle interactions using various
metal ions.

Previously reported metal ion sources have been de-
signed principally for use in electromagnetic isotope separa-
tors, and are usually of the oven-ionizer type.~® In the
oven-ionizer source the charge material is contained in an
oven or furnace which is separate from the discharge
chamber. The vapor of the solid charge material is then
introduced to the discharge chamber where ionization of
the material takes place and ions extracted from the
plasma. Freeman? has recently reported a new type oven-
ionization source where the vapor issuing from the oven
is ionized as it passes an electron-emitting filament located
in a longitudinal magnetic field. The charge utilization
efficiency for the type of source in Ref. 4 is generally very

1 USAEC Report TID-5217 (1949); TID-5218 (1949). .

2], Kistemaker, P. K. Rol, J. Schutten, and C. deVries, Z.
Naturforsch, 11, 850 (1955).

3 K. O. Neilsen, Nucl. Instr. 1, 289 (1957).

47, H. Freeman, Nucl. Instr. Methods 22, 306 (1963).

low (of the order of one ion for 500 neutrals effusing from
the source).

Other types of sources for the production of metal ions
have been the sputtering source®7 and the surface ioniza-
tion source.®® However, these are usually limited in their
application, output current, and operating lifetime.

Certain features of the usual oven-ionizer sources de-
signed for isotope separator applications are objectionable
when these sources are to be used in accelerators or in
laboratory ion beam experiments. These disadvantages
arise mainly from the large size and relative complexity
of design of these sources. Thus the ion source reported
here was designed to have the following characteristics:
(1) small size and low power requirements, these are
important considerations since space and power are usually
limited at the high voltage terminal of an accelerator;
(2) simplicity of construction and operation; (3) long

8 P. M. Moroyov, Proc. Sec. Int. Conf., Vol. 4 (United Nations,
Geneva, 1959).

6 J. Druaux and R. Bernas, Eleclromagnetically Enriched Isotopes,
edited by M. L. Smith (Butterworths Scientific Publications Ltd.,
London, 1956).

7B. Cobic, D. Tosic, and B. Perovie, Nucl. Instr. Methods 24,
358 (1963).

8 M. F. Harrison, AERE (Harwell) Report GP/R 2025.

9 V. 1. Raiko, M. S. Ioffe, and V. S. Zolotarev, Pribory i Tekhn.
Eksperim. (USSR), No. 1, 29 (1961).
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