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GraphicRecorderWritingSystems
Pen and ink hasbeen the mostwidely used writing
method,but a newlow-voltageelectricwritingsysfem
hasprovensuccesstultormanyditticultapplications.
By DaleR. Davisand CharlesK. Michener
Cnotcr oF THE pRopERwRrrrNG TEcHNreuE for graphic
recording is largely a function of the content of the record
and how the record is to be used. Since no single recording method can claim all of the advantages of all writing
methods and none of their disadvantages,the choice of a
writing technique becomesa compromise.
Some basic questions to be answered when selecting a
system are: Is maintenance of the system simple? How
often is it necessaryto maintain the system?Is the system
designed so that the line is uniform at the highest and
lowest writing rates? Is the system reliable enough to do
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the job the way it needsto be done?Is the record permanent,clean,high contrast, and smudgefree?Will the
record be marked by casualhandling?Can the recorder
be idled for long periods without a great deal of prestart-upmaintenance?
Doesthe writing techniqueimpose
any specialenvironmentallimitation on the recordersuch
as temperature,humidity, RFI, altitude,or attitude?Are
powders,gases,or liquid by-productsgeneratedduring
writing that may interferewith other gearin the areathe
recorder is used?Answers to thesequestionswill help
determine whether a specificwriting method might be
successfulfor a givenapplication.
Ink Systems
Among the many schemesfor marking chart paper,
the ink systemhas been most widely used.Its principal
advantageis its ability to write in a variety of colorswith
high contrast.Severalparametersmay be recordedon the
samechart, each in a different color, making identification easy.The chart paper is relatively inexpensive.An
operator may become familiar with its operation and
carewithout a greatdeal of specialtraining.
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CapitlarySystem.A capillary system,Fig. I (left), consistsof an ink reservoir,a piece of tubing leadingfrom
the reservoirto a metal pen tip and the paper on which
the recordingis made.Ink is pumpedthrough the tubing
to the pen tip prior to startinga record. After this initial
'priming' the ink continuesto feed itself to the pen tip on
demandby capillary action.The surfacetensionand viscosity of the ink is such that the movementof the pen
tip on the graph paper pulls the ink from the pen tip.
Sincethe pulling force is a functionof stylusspeeda relatively uniform line can be made over a broad range of
writing speeds.
Where both high and low writing speeds(dynamic
the useof an ink with a low enough
range)are necessary,
a continuousline at high writmake
flow
and
viscosityto
ing rates would not be satisfactoryat low writing rates.
The ink may mn out of the pen and flood the paper.Inks
designedto dry fast enoughso they do not smudgeby
the time the user is ready to handlethe record generally
dry in the pen tip after being inoperativea few minutes
to a few days. It is not uncommonto find water based
inks still in usein capillarypen systems.A coffeespill on
a record of this type can destroythe record. Further, a
noisy signalcan flood the chart paperwith ink so that the
chart paper becomessoggyand finally torn by the action
of the stylus.A record madewith a water basedink can
be smudgedby moistureevenmonths after the record is
made.
It is necessaryto choosethe proper diameterpen tip
for the speedrange desired.A typical range is from 10
inchesper hour to 50 inchesper second.A fine-tip pen
can be used at speedsas low as Vz tnch per hour, but
then its upper limit is reduced.
A non-pressuresystemis subjectto vapor lock caused
by high temperatures,altitudeor vibration. The ink used
in thesesystemsfreezesat OoC, and startsto bubble at
40oC, and eventually results in vapor lock. Vibration
causesthe ink to foam, forming bubblesthat causevapor
lock.
In spiteof the aboveproblemscapillary writing is still
a very popular method of recordingbecauseof the ease
of identifying tracesand high contrast.Newer recorders
have simplified inking, pen tip cleaning,and inks that
minimizefloodingand smudging.
PressurizedSystems.fn recentyearspressurizedink writing systemshave been introducedby at least two firms.
By modulatingthe pressureon the ink as the pen speed
varies, it is possibleto achievevery uniform, good contrast lines.

The writing systemshavebeenengineeredto require a
minimum of pre-start-up maintenance,and to operate
with ink. A special
without the messordinarily associated
coatingon the paperusedin thesesystemscausesthe nonwaterbasedinks to dry on contactand enablesthe pen to
make a liquid sealwith the paper to preventink drying.
Batl Point and Fiber Tips. Other methodsof ink recording are also in use. Ball point tips can be used in place
of the capillary tip. A compromisebetweenthe pressure
Very tight mechanon the tip and line width is necessary.
ical tolerancesare requiredfor fine lines, but the pen will
have a tendencyto skip at higher speeds.Dynamic range
is lower than a capillary ink system.
Fiber tipped pens contain a parallel bundle of fibers

Fig. 1. Genera!-purposecapillary pen tips (lelt) arc steel
tubes with an inside diameter of about 0.01-inch. Fiber
pen tips (right) consist ot a parallel bundle ol liberc to
reduce clogging. They ate designed to be disposable
and are easily replaced.

Fig. 1 (right). Thus the
which provide manyink passages,
pens do not clog as readily as the single-tubecapillary
tips. But as fiber tips wear, they tend to write broader
lines and lose resolution.Fiber tips are designedto be
disposableand easilyreplaced.
ElectricWritingSystems
Papers.A relativelynew electrosensitive
Electrosensitive
paper is basedupon the reduction of zinc oxide to free
zinc.Conductivezinc oxidedispersedin an organicbinder
is coatedonto a metal base such as aluminum foil that
has beenlaminatedto paper,Fig.2. The passageof current through this coating reducesthe zinc oxide in the
layer,thereby forming the mark. The mark is in the coatsystemswherethe mark
ing, unlike other electrosensitive
3

Fig. 2. New electrosensitive
papet used in HP electric
writing recorders.The current reducesthe ZnO in the
white coatingto Zn which is dark brown.
is the result of erupting the coating from its base and exposing a black sheet. To prevent carbonization of the
coating materials, the coating is designedso that its resistanceincreaseswhen the nark is made. Both very high
and very low writing speedsare possiblewithout degradation of the mark. As a consequence
the writing processis
clean and dry, Fig. 3.
Writing rates as high as 200 in/s and as low as lz
inlhour are practical with some papers of this type.
These papers are particularly useful in those applications
where a permanent, rugged copy is required, where record cleanlinessis important, and in those areas where
rapid start up and reliability are of importance. The
paper cannotbe marked by pressure,heat, light or moisture. The marks are smudgeresistantand reasonablycontrasting.
Some RFI is generatedduring marking, but good instrument design reduces the radiation to a level low
enough that interference with other equipment is not a
problem. Some odor is generatedduring marking that is
detectable when writing at highcr speeds. The vapors
given off during writing are non-toxic.
Carbon-ImpregnatedPaper. Perhaps the oldest type of
electrosensitivepaper, and still the most contmon, involves the removal of a thin light colored layer from a
carbon impregnated paper by dielectric breakdown and
subsequenteruption of the layer from the carbon filled
paper, Fig. 4(a).
These papers have some electrical characteristicsthat
make them lessattractive than some of the other methods
of recording.The resistanceof the marked area is lowered
after marking, so that marks made at low writing rates
will either broaden out and over burn (image spreading),
or very little marking will take place when the stylus is
moving at high speed.Carbon is blown from the coating
during marking leaving a residue on the paper and in the
machine. RFI is a problem and can interfere with nearby
equipmentif the recorderis not properly shielded.

In addition to the above electrical problem, these
papers are generally easy to mark with casual handling,
due either to moisture on the users' hands or to the pressure sensitivityof the electrosensitivecoating. An odor is
generatedduring writing that increasesas the amount of
marking increases.Recent improvements in the conductivity of white pigments have made it possible to mark
papers of this type at voltages compatible with current
solid state circuitry.
Electrolytic Papers. In this system,the stylus material is
gradually plated onto the surface of a conductive paper.
The paper is saturated with a salt solution to make the
paper conductive, Fig. 4(b). Reasonablylow voltages
(voltagesas low as a fraction of a volt to 100 volts depending upon writing rate) are used in plating the paper.
Excellent contrast and writing rates can be achievedwith
the system. The principal disadvantage of this type of
writing is the requirement of having to keep the paper
wet during use, and then having to dry it before handling.
Problems typical of those of handling corrosive chem-
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Fig. 3. Typical recotd from a 10-inch electic writing
instrument recorded at 1-inch per hour shows excellent
traces even with noisy input signals.

icals around electronic equipment must also be considered.
This system has been used for facsimile transmission
of news photographs over telephonelines. Becauseof the
short time the paper is in the facsimile recorder, it does
not have time to dry out.
Metallized Papers. Probably the simplest method of electrical graphic recording is based upon the fusing of a
vacuum-deposited metal on a paper or film base, Fig.
4(c). Exposing the paper base through the metal film produces the contrast necessaryfor viewing the mark. Marks
can be made on these papers with as little as 7/z volts.
Problems encountered in this system include low contrast, paper corrosion at high humidities, and a possibility
of eye fatigue due to the metallic appearanceof the paper.
Electrostatic Writing. Electrostatic writing involves the
use of a conductive paper with a dielectric coating on it.
The dielectric coating is charged electrostaticallyin the
areas to be marked. The charge is then held on the surface of the dielectric until the paper can be dusted with
an electroscopic powder (toner) or bathed in a dielectric
fluid containing charged particles. The toner makes the
charged area visible, and the mark is made permanent
by heating the toner and melting it to the dielectric coating, or by evaporating the dielectric fluid from around
the particles and dry setting the particles to the surface
of the paper.
Excellent black on white lines can be made by this
system over a broad range of marking speeds.The system is particularly suited to those applications where
chart speedsin excessof 10 in/min are used or where it
is not necessary to view the record immediately as it is
being made. Signals up to 5 kHz may be recorded.
Approximately 2 inches of record is inside the machine being developed before it is viewable. Very low
speedssuch as 1 in/hour do not seem practical.
Pressure Sensitive Systems
Pressure sensitive systems use a stylus that is pressed
against a special paper to make a mark. A typical pressure sensitive paper of this type is made by coating a
black paper base with microscopic spherical wax beads.
When these beads are pressed, they flow and become
transparent exposing the black base beneath the wax.
Although this system alleviates many problems associated
with ink, there are new problems that sometimes make it
unsuitable. The paper can be marked by handling. Some
of these papers mark not only from pressure, but also
from moisture. If papers of this type are made so they
do not mark easily in handling, high mechanical pressure

paper (top) is marked by
Fig. 4. Carbon-imptegnated
raisingthe stylusvoltageacrossthe coatingto the point
of dielectricbreakdown,removingthe white insulating
paper (niddle) is marked
layer. The salt-impregnated
by electroplatingstylusmaterialonto the surlaceof the
paper. Vacuummetallizedpaperc(bottom)are marked
by luzing away the metallizedlayer.
must be used on the stylus which could result in a less
reliablewriting mechanism.
Pressure sensitive papers are best suited to low speed
recording where unattended operation is of prime importance and where the record is not usually handled nor
intended to be a permanent record. These recorders are
generally inexpensive.
Heat SensitivePapers
Probably the most common heat sensitive writing
method used in graphic recording uses a heated stylus
which melts a thin white wax-like coating on a black
paper base. The preparation of this type of paper is almost identical to the preparation of a waxed pressuresensitive paper except that the wax-like spheresare made
of a harder, less pressure-sensitivematerial that melts at
low temperature. This type of system circumvents many
of the problems inherent with both ink and pressuresensitive papers. The stylus system is quite reliable and high
contrast traces are easily made. The paper is clean to
handle and no objectionable by-products are generated
during its use. Although some heat sensitive papers are
quite easily marked in casual handling, most papers of

this type do not mark easily with pressuresnormally encountered.
When marking at low speeds, if low stylus temperature is used to prevent image spreading, then no marks
or only very light marks are made when marking at high
speeds.Some recorder systemscompensate for this effect
by varying the stylus temperature with stylus speed.
Heat sensitivepapers are commonly used in industrial
and medical instrumentswhere environmental conditiqns
are not severe and where rapid start up is of prime importance.
A less common type of heat sensitivepaper is based
upon a chemical reaction between two colorless, heat
sensitive materials in the coatinq that forms a third colored material.
This system is not pressure sensitive, but is less efficient (i.e. more energy is required to mark a given area)
which limits the writing rate. Some of these papers lack
long term stability, gradually turning dark. Others of
these papers give off an unpleasant odor when marked.
These papers are particularly suited to those applications where the range of writing speeds is not great,
where the writing rate is below 2in/s, where rapid startup is important, where the record will be handled a great
deal, and where the record is not needed longer than
about 6 months.
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PhotographicSystems
One of the oldest graphic recording systemsusespho-
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SPECIFICATIONS

For use with 7100 Seti$

Easic F ames

175004

HP Model 7100Series

The 17500A has ten calibrated spans from 5 mV to 100 V lull

RESPONSE TIME: One-half second tull scale.

PRICE: Model 17500A: 3250.

CHAnT SPEEDS:1.2.4, I in/nin;1,2, 4, a inlh. Meric
2.5,5,10,20 cm/mini 2.5, 5, 10 20 cmlh.

10" Slrip-Chlrt Recorders
RESPOf,SE TltE:

On€-hdlt sscond lor tull scale {0.6 s lor 50 Hz

175014

CHART CAPACIfr:
100 tt. chait rolls 11 in. wid€ wilh
(250 mm) calibrat€d writins widlh.

10 in.

This mult;ple span plug-in has sixteen spans from 1 mV to 100 V
PRICE: Model 17501A: t350.

CHAnT SPEEDS: Models 7i008, 71O1Bt 1,2 inlhi 0.1, 0.2, 0.5,
1,2 Inlmin;0.1,0.2,0.5,1,2 in/s. M6ric modols:2.5,5, 15,
30 cm/hi

1.25, 2.5,5, i5,30

71274,712a*

cm/min;

1.25, 2.5, 5 cmls. Modols

1 / 1 ,Y z , 1 , 2 l n l m h .

POWER: 115 ot 23O y !1!o/o,60
Hz, 65 volbamperes for 71008,
712a4. 42 volLamperes lor Models 71018, 7127A.115 ot 230 V,
50 Hz models avsileble.
WEfGHT: 71008, 71284t ner 22 lbs (9.9 kg), shipping 30 lbs
(13.5 kg)i 71018, 7127A: net 21 lbs (9.45 kg), shippins 28 lbs
(12.6 ks).
All weights less input modul6s.
PRICES: (Basic frame, less input module)
Dual chann6l frodels 71004 (standard);
7lmBFl (standard rack), 71008M (m€ric).
7100BMR (metric rack): S1300.
71284 (standard, bench or rack): $1150
Sinsle channel models 71018 (standard),
71018R {standard rack), 71078M (meric),
7101BMR lmetric r6ck): 51000.
7127A (standard, bench or rack):9850
NOTE: ilodels 710O8,71AA
ftane rcquircs tvo lnput modutes:
Models 71018,7127A lftne
rcquires one input nodule.
oPTlots:
Electro s€nsitive willing:
add $75
With lelt mounled event marker {€lec.): add $35
With lwo event mark€rs (el€c.):
add S70

CHART REOUIREMENTS:
ELECTROSENSITIVE: 6 in by 80 ll roll chafls, 5 in (12 cm)
wriiing width.

175024

model:

SPANS; 5 10, 50, 100, and 5m mV; 1, 5, 10, 50, and 100 V, lull
scalo. Metric model has spans ol 6,12,60,120, and 600 mV;
1.2, 6, 12, 60. and 120 V.
(166,656 0/V
RESISTANCE:200,000
IIPUT
0/V
on meric
models) tull scale, lhrough l0 V span; 2 MO on all others.
Constant 100,m0 O input resistance on all spans available at
extra cost on both models,

Temperalure measuring input module with single span s€lected
to match thermocouple. Built in compensation junclion. The
module conveds input to a linear lunclion of temperatur€.

STANDARDIZATION: Continuous electronlc r€lerence trom zener
diode controlled power supply,

PnICE: Mod€l 17502A (singl€ span, T-C match): $250.

ZEnO SET: Continuously adlustable ov6r full r€corder span.

175034
The 175034 plug-in is equjpped with sp€cial circuitry for gas
chromatography use- A single span ol on6 millivolt tull scale is
provided wilh poleDtiomelric inpul. A high pedormance inpul
lilter allows the recording of signals with diflerential nois€. Line
frcquoncy intert€r€nca reiection: 100 dB.
PRICE: Model 175034: $250.

175044

Single span plug-in module. Single span kom 5 mV to 100 V lult
scale, Removal of jumper wire allows polentiometric input on
lour most s€nsilive range cards (5 mV lo 200 mV) with essentially zero current drain at null.
PRICE: Model i7504A (wilh one range card):9200.
(sp€cify ranse card)
Additional rango card: $25.

ACCURACY: Beller than 0.2% of tull scale. Res€ilability: 0.1olo
of lull scale.
INYERFEREf,CE nEJECTIOil: DC common mode reiection beiter
lhan 100 dB on 5 mV span.
POWER REOUInEilENTS:
50 Hz models available.

115/230 V, 60 Hz, 22

VA. Optional

PHYSICAL DIMEXSIONS:5y,
in {1.65 mm) hish,8y5 in (219 mm)
deep,7ya in (197 mm) wide. Rack mounting requir€s 7 In ol
WEIGHI:

Nel approx. 11 lbs (5 ks); shipping 17 lbs (7.6 kg).

PRICES:
Models 680 {standard) or 680M (melric): 3750.
oPTtof,s:
Electrosensilive writing: add $75.
Eleckic writing event marker: sdd S35.

HP Model 680/680M
5'f Strip Chart Reco.der
FECOROIf,G MECHAf,IST:
ELECTROSENSITIVE: Similar lo ink mechanism except a
stylus lor €lectros€nsitive paper and ths associaled electronics ar6 furnished in place of the ink pen.

6

MANUFACTURING DlVlSlOt:

SAN OIEGO DIVISION
16870 West Bernardo Drive
San Diego, Calilornia 92128

tographic paper or film written upon by light beams
reflected from galvanometer-driven mirrors. These systems are available to record up to 36 channelsor more
and are capable of very high speeds.Their chief disadvantage is the cost of the paper and the instrumentation, and the inconvenienceof processing.Accuracy of
a galvanometerwithout feedback is limited to about lVo .
There are however some recording applications that
can be done by no other technique,such as oscillographic
recording up to 30 kHz. In one such system, a high
intensity ultraviolet beam is focused on the paper. The

image is made visible by latensification.
Latensification is the process of producing a stable
latent image on silver halide paper by exposure to a high
intensity light. Further exposure to a low intensity light
develops the image to make it visible.
The image formed by latensification will begin to
darken in a matter of hours if left in room light. To make
'fixed'by wet procthe record stable the paper must be
essing.
Although most oscillographic recording work is black
E
on white, a two color paper is available.

LowVoltageElectricWritingRecorders

,o

Its records
ErEcrRIc WRITINGHASMANY ADVANTAGES.
are permanent and not subject to degradation by heat,
pressure or light. Recorders can be put into service immediately after long standby or storageperiods. There is
no dried ink problem, nor is priming necessary'and the
systemis reliable over long periods of unattendedoperation. Electric writing recorders withstand severeenvironmental conditions better than most other systems.Temperature, altitude and vibration can be tolerated to a
greater extent due to the absenceof fluids.
The new method of low voltage electric writing discussed on page 3 is available on the HP Model 7100
and the HP Model 680 Strip Chart Recorders, Fig' 1'
Paper used in these instruments is made by laminating
a metal foil to a paper base, and coating the metal surface with a resin film pigmented with zinc oxide' The result is a coating that is white and conductive.
Current is passed from the stylus through the zinc
oxide layer into the metal, reducing the zinc oxide to free

zinc. Since zinc oxide is white and zinc is dark in color'
a black on white trace results. The resin holding the zinc
oxide remains essentially unchanged so the mark does
not smudge when wiPed.
The resistance of the area marked increases during
marking, making it possible to mark the paper over a
broad range of speedswithout varying the power supply
characteristics. Due to the reasonably high conductivity
of the zinc oxide and the small amount of insulation required to hold the resin to the metal film, the unmarked
film is quite conductive. This conductivity makes it possible to mark the paper with less than 30 volts.
There are two problems inherent with electrosensitive
writing - odors generated during writing, and residue'
With older types of electrosensitive papers, a detectable
odor is generated during writing as a result of current
passing through the coating and tearing that layer into
small molecules. This writing process does not depend
upon tearing the coating apart however, and there is

Fig. 1. Electric writing is
available on the HP
M o d e l 7 1 0 0 S e r ie s
graphic recorders (lett).
These are one ot two
pen instrumenfs uslng
10-inch chatt paper.
PIug-ins ate available.
Using 5-inch chart paper,
the HP Model 680 (right)
is a one-pen tecotder
with electric wtiting
available as an option.

requiring about 12 miles of travel to produce aline 0.026
inch wide.
Unlessproperly designed,the stylus may break through
the thin electrosensitivecoating at very slow speeds
(about 1 inch per hour), and weld itself to the aluminum
backing. It could plow a furrow in the coating.
This condition is avoided by mounting the tungsten
carbide ball at the end of a cantilever spring (see cover
picture). Should the stylus weld itself to the aluminum
base,the spring bends,rocking and releasingthe ball.
To assurea uniform, high-contrastline on the 1O-inch
chart of the HP Model 7100 SeriesRecorders, the stylus
voltage is varied in proportion to its speed.Voltage var_
iation is not necessaryin the 5-inch Model 680, but the
increased excursion and pen speed on a lO-inch chart
require this refinement. As the stylus approachesa null
and slows,the voltage is lowered; when the stylus is slewing rapidly, its voltage is increased.
Fig. 2. This bank ot recorders,beingcheckedby paul
Eden ol the NationalCenterlor AtmosphericResearch,
Boulder,Colorado,records meteorologicaldata seven
daysa week,24hoursa day.

considerably less odor during writing than other electrosensitivepapers currently available.
Other electrosensitivepapers depend upon the removal
of a layer of white material to expose a black backing,
thus generatinga large amount of residue.Sincethe mark
on the new paper dependsupon the in situ reduction of
zinc oxide, the removal of a layer is not only unnecessary
but undesirable.The use of a binder that does not deteriorate during marking is of help in reducing the amount
of residue generatedduring writing just as it reducesthe
odor generatedduring writing.
Other currently available papers can be marked with
casual handling. The white layer that is removed during
writing can also be removed by pressure or sometimes
by moisture from the hands. The hard organic resin used
in this newer type paper does not have this characteristic
since the coating is harder and is coated on metal foil.
Stylus Design
Becauseof the contact pressure required on the fairly
abrasive electrosensitivecoating, a wear-resistant tungsten carbide stylus is used. The tungsten carbide ball
initially produces a line width of 0.01 inch. It wears
until the line broadens to about 0.02 inch after about
10,000 feet of travel. Then it remains fairlv constant.

Typical Applications
Meteorological Data. Recording meteorological data requires an instrument with the capability of respondingto
rapid changesover a wide range. Continuous operation
over long periods of time at very slow chart speedsis
generally desired.
In one such application, the National Center for Atmospheric Research (NCAR), Boulder, Colorado, records ten channels of data telemetered from a remote
site on the Continental Divide, Fig. 2. Data includes
wind direction and velocity, positive and negative conductivity of the atmosphere, atmospheric electric field,
cloud cover conditions, and temperature.
Wind direction shifts often, by about 20 to 30 degrees,
and wind velocities range from zero to 145 mph. Gusts
up to twice the average velocity occur frequently. Be_
cause of the slow 1 inch per hour chart speeds,ink recording would be unsatisfactory.Wide swings of the pen
could saturate the paper with ink. The electric writing
system, however, produces a clean, readable and dry
trace.
Radiation Monitoring. Long periods of unattended recorder operation at very slow chart speedsare encountered in a radiation monitoring application. Gamma radiation levelsfrom 0.01 mR/hr to 100 mR/hr are recorded
by electric writing instrumentsoperating in field environments. The instruments are subject to line voltage and
frequency variations and to temperature ranges from
-10oC to
+65oC. Chart speedis 1 inlhr, making it
necessaryto replenish paper only about once a month. @
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RecordingTrue-rmsVoltages
OverWideDynamicRanges
With this new logarithmic converter, a graphic recorder can measure ac or dc signals over tour decades of amplitude without range
switching. An electronic attenuator and feedback are the secrefs.
By John M. Wade

,o

SIcNars which vary over large amplitude rangesas functions of time, frequency, or another variable are frequently encountered in the laboratory. Amplifier and
filter frequencyresponsesare typical examples;others are
sound pressure,mechanical vibrations, and some chemical and nuclear phenomena. When the relationship between one of these signals and an independent variable
is to be presentedgraphically, it is common to use a logarithmic amplitude scale,often with the amplitudes given
in dB. The log scale is usually the only way to get the
whole curve on one piece of paper and still have all parts

converter is an instrument which produces a voltage proportional to the logarithm of its input voltage. Connected
to a standard graphic recorder, it convertslinear recorder
scalesto logarithmic ones.
New Log Converler
Ac or dc signals whose amplitudes vary over exceptionally wide ranges- ns mugh as 80 dB (four decades,

of it equally readable.
It is always an advantage,of course, if a log plot can
be made quickly and automatically instead of by tedious
manual plotting, especiallyif the plot has to be repeated
to show the results of changing a parameter, or if dB
values have to be calculated. This is why
logarithmic converters
were invented. A log

Fig. 1. New model 7562A Logarithmic Converter can be used with Model 3300A/3305A
Sweep Oscittatorto make trequency /esponse plots over an 80 dB amplitude range and
a four-decade lrequency range. The converter produces a dc output voltage ptopottionat to the togarithm of the rms value of an ac input signal. /fs trequency range is
0.5 Hz to 100kHz. lt can also convett dc signals.

first commercial log converter to have a true-rms
detector.

Fig. 2. The new log convettetcan simplity phaseshitt
measurcments
by eliminatingamplitudeadjustments.
lts
oscilloscopeoutput hasthe samewaveformas the input
signal,but has constantamplitude.To measurephase
shitt,the phasedial of the functiongenetatotis adiusted
until the two trccesalignon the CRT.Phaseshiftis then
readlromthe dial.
or 10,000 to l)-can
be measuredusing the new HP
Model 7562A Logarithmic Converter. This instrument
can be considered to be a log-scale ac and dc voltmeter
which has a broad dynamic range. For ac input signals,
it produces an output voltage proportional to the logarithm of the true-rms value of the input. Its frequency
range is 0.5 Hz to 100 kHz, and its readings are accurate within -+0.5 dB except
at the ends of the frequency
range, where variations may
be -r I dB. For dc input signals, it produces an output
voltage proportional to the
logarithm of the input voltage, and its output is accurate within -F0.25 dB.
In measuringnon-sinusoidal ac waveforms like sound
pressure or electrical noise,
the tlpe of detection is an
important consideration.For
the new log converter, a
true-rms detector was chosen because of the mathematical significance of the
rms value in noise and other
non-sinusoidal measurements. We believe this is the
Fig.3. Phaseshiftot Modet)
7 5 6 2 A L o g a r i t h m i cC o n verter oscilloscopeoutput.
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Frequency-ResponsePlotting
Using the new log converter to plot frequency responsesis quite simple and is illustrated in Fig. 1. The
sweep oscillator drives the device under test and the X,
or log frequency, axis of the X-Y recorder. The log converter monitors the device's response and drives the Y,
or log amplitude, axis of the recorder. A suitable sweep
oscillator for this application is the HP Model 3300A/
3305A (Hewlett-Packard Iournal,May 1968). It sweeps
the appropriate four decadesand has a logarithmic sweep
output signal.
MeasuringPhaseShift
Besidesits recorder output, the log converter also has
an oscilloscope output which can be used to observe the
input signal waveform while a measurement is being
made. The signal at this output has constant amplitude
(about 0.5 V rms), regardlessof the input voltage.
Because the oscilloscope output has constant amplitude, the log converter can simplify phase-shiftmeasurements by eliminating amplitude adjustments.A typical
setup is shown in Fig. 2. One of the outputs of a variablephase oscillator drives the device being tested. The device's output is monitored by the log converter, and the

tI
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f
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I
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t

converter'soscilloscopeoutput is displayedon one channel of a dual-channeloscilloscope.The other channelof
the oscilloscopedisplaysthe secondoutput of the variable-phaseoscillator. To measurethe unknown phase
shift, the phasedial of the oscillatoris adjusteduntil the
traces align on the CRT The phase shift is then read
from the dial. In somecasesthe converterwill introduce
a small amount of phase shift (see Fig. 3). When this
happensthe converter'sphaseshift must be subtracted
from the dial readingto find the unknown.No amplitude
adjustmentsare required during the test, sincethe two
oscilloscopetraceshaveconstantamplitudes.

Fig. 4. ln vibration tests, low-trcquencylimits arc typically below 5 Hz. The new log convertetis designedto
operatedownto 0.5Hz.

Mechanical
Signals
Measuringmechanicalresonancescalls for a log converter which has a fairly wide dynamicrange,a true-rms
detector,and-this is important-extended low-frequencyresponse.In vibration tests(seeFig. 4) the part to
be testedis placed on a shaketable. An accelerometer
mounted on the part is monitored by the log converter
and its output is recordedon magnetictape, along with
shaker frequency information. Usually the shaker frequenciesare in the low audio range,with 2 to 5 Hz as
their lower limit. For this reasonthe new log converter
was designedto acceptunusuallylow-frequencysignals,
down to 0.5 Hz. Of course,the lower the converter'slowfrequency limit, the slower its responseto amplitude
changesmust be. Sincelow-frequencyresponseis not alwaysa requirement,the usercan speedup the converter's
responseat the expenseof low-frequencyresponseif he
desires.Threelow-frequencylimits-0.5, 5, and 50}{z
-grve responsespeedsof 1, 10, and 60 dB per second,
respectively.
'dc'Signals
In the dc mode, the rms detectoris bypassedand the
log converterproducesa voltageproportional to the logarithm of the instantaneous
input voltage.This modecan
be used,for example,to convert a linear-scalerecorder
to a logarithmic one. It can also be used to monitor unpredictablesignalsthat are normally low-level but occasionally becomemany times their nominal values. Gas
chromatographs,pulse-heightanalyzers,and other analytical instrumentstypically produceoutputs like this. A
log-scalerecorder can be left unattendedwith relative
certainty that transientswill alwaysremain on scaleand
be readable,whereassuch transientswould go off scale
on a linear-scalerecorder.
How lt Works
As the block diagram(Fig. 5) shows,the new log converter consistsof a pair of logarithmic amplifiers,a dif-

ferential output amplifier, and an ac-to-dc converter
containingan electronicattenuatorand a thermocouple
in a feedback arrangement.In the ac mode, all the
elementsare used:the circuit generatesa direct current
proportional to the rms input voltage, and this current
is shapedby the logarithmic amplifiers.In the dc mode,
only one logarithmic amplifier and the output amplifier
are used.
Each logarithmic amplifier is an operationalamplifier
with a feedbacktransistor.The resistanceof the transistor decreases
as its collector current increases.Virtually
all of the current flowing to the logarithmic amplifiers
flows through the feedback transistors,becausethe
operational amplifiers have field-efiect-transistorinput
stageswhich draw practicallyno current.
The output voltageof eitherlog amplifieris

Zoutput -

K, log Iinp6 *

Vp,

where K, andVp are constants ofld 11ap,1:

Zi.prt/Ri.put.

In the dc mode Ry,o,1 is constant, and the output voltage

of the log amplffier is proportional to the logarithm of
the input voltage. In the ac mode, I1nou1is controlled so
that it is proportional to the rms value of the ac input
voltage.
ac Mode
In the ac mode, incoming ac is attenuated electronically, amplified, and detected by the thermocouple. The
thermocouple produces a dc output voltage proportional
to the rms value, or heating value, of the ac sigral.
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Fig. 5. /n the ac mode, incoming ac slgna/s ate attenuated electronically until the dc
output ol the thetmocouple is equa! to a reterence voltage. The amount of attenuation
given the input signat is then inversely proportionat to the rms value ot the input voltage.
The dc attenuator cuilent, which is inverselyptopottional to the attenuationtactor, goes
to the togarithmic amptiliers as a measureot the rms input voltage. ln the dc mode the
electronic attenuatot and thermocouple are bypassed.

The electronic attenuator is controlled by leedback to
keep its ac output constant regardless ol the input amplitude. The thermocouple amplifier compares the thermocouple output with a reference voltage. Any difference
between the thermocouple output and the reference is
amplified by the driver amplifier. The output voltage of
the driver amplifier is fed back to the electronic attenuator as a control voltage, 2", which adjuststhe attenuator so that the attenuated ac signal always has the same
rms value. This means that the amount of attenuation is
inversely proportional to the rms value of the input.
Therefore, measuring the amount of attenuation given
the input signal is the same as measuring the rms value
of the input signal. Serving as a measure of the amount
of attenuation and of the rms input voltage is the direct
current flowing through the electronic attenuator and
through both log amplifiers, This current is controlled by
the electronic attenuator so that it is inversely proportional to the attenuation factor.
Fig. 6. fhe attenuatorcunent I is inverselyproportional
to theattenuationfactorA. SinceAV is constanf,/ serves
as a measureof the rmsinput voltageV.

The output voltage of each log amplifier has a dc component proportional to the logarithm of the direct current
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flowing through it, and an ac component equal to the
attenuated ac signal multiplied by the gain of the log
amplifier. In the difierential output amplifier, the ac components cancel and the dc components add to give a dc
output voltage proportional to the logarithm of the rms
value of the ac input voltage.
An important feature of the design is that the thermocouple is used only as a null-sensingdevice in a high-gain
feedback loop. Therefore its apparent response time is
much faster than its natural response time. Moreover,
since its input is always the same, its nonlinearities do not
affect the performance of the instrument.
ElectronicAttenuatorOperation
The electronic attenuator is a resistive voltage divider
whose output leg has two branches, each of which is a
voltage-variableresistor. Both branches have resistance
ro (see Fig. 5). As a result of the -20 mV bias voltage
,E on log amplifier #I, a drect current 1flows out of log
amplifier #2, throlgh both branches of the electronic
attenuator, and into 1og amplifier #1.
Fig. 6(a) shows the equivalent circuit of the electronic
attenuator, as seenby one of the log amplifiers. Fig. 6(b)
is the corresponding ac equivalent circuit, and Fig. 6(c) is
the corresponding dc equivalent circuit. The attenuation
factor A applied to ac signals is
t'/2
' 4- --R i * r , / 2 - 2 R i l r " '

Fig. 7. Using tield-ettect transistors as variable resisfors,
the electtonic attenuator can vary its resistance over
mote than an 80 dB rcnge, trcm about g0 A b I M{2,in
response to a contrcl voltage.

The dc input current to the log amplifier is

'r--

E (=2 R *i r , \ - l - l
!2 r o-'+4-R- ;- 4. R
i\
ra

t \- K

AR:\A)-7'

)Thus the current 1 is inverselyproportionalto the attenuation factor A, and so is directly proportional to the
rms input voltage.
FET'sas VariableResistors
Fig. 7 is a schematicdiagramof the electronicattenuator, Two pairs of field-effecttransistorsare the variable resistors.The bias voltage (E in Figs. 5 and 6) is
quite low - 20 mV - so the FET's operatein the linear
regions of their V-I characteristics,and therefore look
like resistors.The resistance
of eachbranchvariesfrom
about30 o to 1 Mo.
The direct current flowing through the FET's (I in
Figs.5 and 6) is an accuratemeasureof the rms valueof
the ac input signal,providedthat the resistances
of both
branchesof the electronic attenuator are equal (these
resistancesare labeledro in Figs. 5 and 6). To this end,
the FET's in eachpair are matched.However,it is impossibleto matcha pair of FET's so that they track each

Fig. 8. Each pair ot FET's in the electronic attenuator is
matched over part ol the resistance tange, Feedback is
used to linearize the rcsulting attenuatot curve.
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other exactly over such a large resistance range. The
question is, how well must they track to keep the output
error from being too large?
A worst-case analysis has been made, and the results
show that a 1,O% mismatch in the resistancesof the two
branches of the attenuator causes only about 0.23Vo
error in the output current! This is important' for it
means that physically realizable tracking mismatches do
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instrumentssince he joined HP in
1961. He has worked on line
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time bases,recorders,and Plotting
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the 7562A.He has a Patent
pending on the electronic
attenuatorused in the 7562A.
John receivedhis B.S.degree in
f r o m U C L Ai n 1 9 6 1 .
engineering
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not causeseriousmeasurementerrors.
The reasonfor using two pairs of FET's insteadof one
pair is, again, the difficulty of matching a single pair of
them over the entire resistance range. Each pair is
matched over part of the resistance range' as shown in
Fig. 8. The curves of Fig. 8 are plots of the logarithm of
the resistanceof one arm of the electronic attenuator (log
ro) as a function of the control voltage V coming out of
"
the driver amplifier.
More FeedbackLinearizesAttenuator
Fig. 8(c) compares a typical log ro-vs-V, curve with
the ideal curve, which is a straight line. The transfer
characteristic,or'gain' of the attenuator is the slope of
the actual curve, and it varies considerably over the resistancerange. For loop stability and uniform response
time the slope should be constant, as it is for the ideal
curve.
To linearize the electronic attenuator, additional feedback is used. The output voltage of the output amplifier
is proportional to log r.. This signal is fed back to the
summing point of the driver amplifier to force log r. to be
a linear function of V'", the input to the driver amplifier,
as shown in Fig. 8(d). Thus the gain of the driver-ampli-

fier,/attenuator combination is constant and the time responseis uniform over the 80 dB dynamic range.
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INPUI IITPEDANCE:100k O shunted by less than 100 pF
s i n g l ee n d e d .

SPECIFICATIONS
HP MODEL 75624
LOGARITHMIC CONVERTER

ACGURACY::!0.25 dB at 25'C.

DETECTION:Truo rms.

COEFFICIENT:t0.02 dB/'C maxlmum'
TEMPERATURE

ac and dc Modes
Il{PUT:
D Y N A M IRCA N G E : 8d0B
1 mVto 10 V or 10 mVto 100V s€lectRANGE:
VOLTAGE
abl€ by front panel swltch. Accepts either ac or posilive
dc signals.
OUTPUT:
VOLTAGE:O to 8OOmV dc correspondingto 10 mV/dB'
OUTPUTIMPEDANCE:100 o
METER ACCURACY:Readingaccurate to :t1 dB' reterred

ac Mode
INPUT IITPEDANCE:1M fl shunted by less than 100 pF sin"
gle ended.
(At 25.C).
ACCUNACYANO FREOUENCYRESPONSE:

:

'iT

PHYSfCALDIMENSIONS:3%ein (88 mm) hish, 7ya id (197
mm) wide, 1172 in (292 mm) deep.

Meximum Filo Tima
l0 nv-i00 v
Rang€

TEilPEnATURECOEFFICIENt:10 04 dB/"C maxlmum.

CONNECTIONFACILITIES: Front and rear input and outpul
BNC connectors.

SLEWINGSPEED:

WEIGHT: 8 lbs (3,6 kg) not.
Minlmum

t hV- 10 mv
10 mv-100 mv
100 mV- 1 V
1 V- tov
10 v-100 v

400 ps
40 ps

General

115/230V ac, 50/60 Hz,40 VA.
POWER BEOUIREITEI{TS:

dc Mode

'| nV-10 v
Rango

MAXIMUMPEAK INPUTVOLTAGE:t25 V ON 1 MV tO 10 V
range; 1250 V on I mV to 100 V range.

wARir-UP TIME:20 minulos nominal

BISETIMEr

L.Yal

5 to 1 except where limited by maximum
CREST FACTORT
input voltage.

10"C to 40'C
OPERATINOTEMPERATURE:

to outDut.

Signrl

OSCILLOSCOPEOUTPUT:Approximatelv0.5 v rds regardless of input, maintaining input signal waveform suitable
lor monitoring with oscilloscope.

400 ps
40 &s

2ps
2ps

Slewing

Ranga S€tting

1 dB/s
1 0d B / s
60 dB/s

0.5 Hz
5Hz
50 Hz
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PRICE: Model 75624,1995.
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ilANUFACTUBINGDIVISION: HP SAN DIEGO DIVISION
16870West Bornardo Drlve
San 0iego, Calitornia92128

Tnn nroivrtc HyDRocEN MAsERis the most stable type of
frequency source known. Its short-term stability, or spectral purity, is excellent. In long-term measurements, its
frequency uncertainty is less than one part in 10", which
correspondsto a time uncertainity of one secondin three
million years.
However, despite its high stability, the hydrogen maser
has not yet proved to be a practical frequency source for
most applications. Invented about eight years ago, it is
still at any early stage of development, and early models
have been large, heavy, and costly.
Of some significance is the fact that until recently, few
scientific projects required the extremely high stability of
the hydrogen maser. This is now changing; new applications are being conceived in which useful results can be

properties from time-invariant atomic resonances.When
the atoms change from certain energy states to certain
higher or lower ones they absorb or emit energy at particular frequencies.
The hydrogen maser is an active oscillator powered by
energy from the hydrogen atom. The information extracted from it is the frequency that is characteristic of
the energy emitted by the atoms as they change energy
states. In this respect the hydrogen maser differs from
the more widely used atomic frequency sources,i.e.,from
cesium-team-tube-controlled oscillators and rubidiumgas-cell-controlled oscillators. In these standards, the
cesium and rubidium devices are passive elements of
frequency-control loops, while the actual outputs are
generated by quartz oscillators.

AtomicHydrogenMasers
An Introduction
and ProgressReport
Sizeand weight are being reduced, and demand is growing for the
hydrogen /'naser's high stability. A satellite-borne maser is being
developed. Still needed is more product-oriented development.
By RobertF. G. Vessot

obtained only with frequency sources that are stable
within parts in 10'n. These applications are in radio astronomy, in deep-spacetracking, in super-accuratetimekeeping, in navigation systems,and in tests of Einstein's
theory of relativity.
Development work is continuing. Recently, prototype
hydrogen masers have been built that are about half as
large and half as heavy as previous versions. Further
improvements are possible,and there is reason to expect
that within the next few years the hydrogen maser will
become a practical frequency standard for use where the
highest attainable precision is needed.
An Active Oscillator
All atomic frequency standards derive their stability

The hydrogen maser shareswith cesium standardsthe
property of high intrinsic reproducibility, which means
that it can be built and aligned without reference to any
other standard. It can therefore serve as a primary frequency standard.
Long Storage Time Means Stability
Early in 1957, Professor Norman E Ramsey of Harvard University and his graduate students D. Kleppner
and H. M. Goldenberg were looking for ways to store
atoms without perturbing their energy states.According
to the Heisenberg uncertainty principle, the longer the
atom takes to make a transition between energy levels,
the more accurately one can determine the energy difference between the two levels and the frequencv of the
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Fig. 1. The atomic hydrogen maset is fhe mosl stable oscillator known. Shown here are
measurcd rms lractional lrcquency deviations as a tunction of avetaging time. The data
points represent the latest stability measurcmentsmade on hydrogen rnasels. For comparison, stability curves lor a rubidium atomic standard, a cesium atomic standard, and
a quartz oscillator are alsoshown.

radiated or absorbed energy. (Energy difference E equals
Planck's constant, ft, times frequency, ,.) The uncertainty
relation says that LE At ) h/4r, where AE is the
uncertainty in the energy associated with a particular
transition and Al is the time required for the transition.
Since E - hv, the uncertainty principle means that
Av ) l/(4n A/), that is, frequency uncertainty is smaller
for longer transition times.
In a cesium-beam tube, al is the time of flight of the
cesium atoms through the RF cavity structure. This
time is less than a millisecond for the HP Model 50614
Cesium Standard, and the resonance width is 550 Hz.
In a rubidium gas cell, the storage time is a little longer;
the resonancewidth in the HP Model 50654 Rubidium
Standard is about 180 Hz.
The Harvard group discovered that hydrogen atoms
could be stored in teflon-coated quartz bulbs for nearly
one second! Consequently the resonance width for the
hydrogen maser is less than 1 Hz. This corresponds to
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an oscillator which has a Q of the order of 10'g.
How lt Works
Hydrogen atoms consist of a single proton and a
single electron, The proton and the electron each have
angular momentum I - y2. (This is shorthand notation
for Yzh/2r. Angular momentum is always given in units
of h/2,.) As a result of their charge and their angular
momentum, the electron and the proton also have magnetic dipole moments. Hence they exert a torque on
each other just as two bar magnets would if brought near
each other. This torque causes a mutual precessionof
the magnetically coupled angular-momentum vectors
such that the total angular momentum F is the vector
sum of the two angular momenta lproto.ottd letectron.
The precessionfrequency is ,o : l42O MHz*.
According to the rules of quantum mechanics, the
proton-electron system can exist only in configurations
* Theactualfrequency
is 1420.405
7517864 MHz.

that differ in total angular momentum by one unit of
h/2r. Two statesare possible,one with zero total angular momentum (that is, F - y2 - 1/2- 0), and one with
total angular momentum h/2r (that is, F- % +% 1). The F :0 state is a lower-energy state. The differ-

control a quartz oscillator via a phase-lock servo system.
Fig. 4 shows a typical system having 100-MHz, 5-MHz,
and 1-MHz outputs.
Latest Developments

ence in the energiesof the two statesis E: hvo. When
The first hydrogen maser was operated at Harvard in
atoms change from the F: 1 state to the F - 0 state,
1960. At Varian Associates' Beverly, Massachusetts
they radiate energy at frequency v.:1420
MHz. This
plant, researchon hydrogen masersbegan in 1961, supenergy is the output of the hydrogen maser.
ported by the Office of Naval Research and NASA's
The working components of the hydrogen maser are
Marshall SpaceFlight Center. In 1964 two maserswere
illustrated in Fig. 2. A 100-MHz RF discharge dissocidelivered to the U. S. Naval Research Laboratory. In
ates molecular hydrogen into atomic hydrogen. The
1967 that part of Varian's Beverly operation which was
beam of atoms from the dissociator is directed through
engaged in frequency-standard work was acquired by
the highly inhomogeneous field of a hexapole magnet.
Hewlett-Packard. Although several government-supIn the magnetic field, the F: 1 energy level splits into
ported laboratories throughout the world are building
three sub-levels,labeled tfl1.:-1,0,
hydrogen masers,the HP Beverly group is the only com+1 (seeFig. 3).
Atoms in the F-O
state and atoms in the F:1,
mercial group working in this field. Eleven of its masers
m1': -l
state are deflected outward bv the masnetic
are now in service.
field. Atoms in the F : 1,
trt1,:0andlstatesare
focused by the magnet and
are directed into a tefloncoated qvartz storage bulb
located in the center of a
microwave cavity. The cavity is tuned tothe 1420-MHz
transition frequency of the
atoms. Any small magnetic
disturbance which has components at or near this frequency will stimulate some
of the atoms to change to
the F:
0 state and radiate
energy. Part of this energy
is stored in the cavity, part
is dissipatedin cavity losses,
and part is coupled out. If
the RF magneticfields in the
cavity stimulate enough atoms to radiate, so that the
radiated power exceeds the
losses,sustained maser oscillations take place.
A typical output power
level from a hydrogen maser
is about -97 dBm, or 2 \
Fig. 2. In a hydrogen maset, atoms of hydrogen in certain enetgy sfates are dirccted
10-" W. To provide an outinto a tetlon-lined quartz storage bulb inside a microwave cavity. The
magnetically
put at a useful frequency
atoms stay in the bulb tor nearly a second, some of them changing energy stafes and
and power level, the maser tadiating enetgy at 1420* MHz. Maser oscillationsoccur when enough power is radiated
output is generally used to
by the atoms to ovetcome /ossesin the cavity.
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Cunent efforts at Beverly are aimed at developinga
satellite-borneclock consistingof two hydrogen masers
for an experimentto measurethe gravitationalred shift

predicted by Einstein (more about this later). A new
maserhas been built; it is about half the sizeof earlier
designs.The reduction in sizecomesfrom a more compact and shorterion pump (which removesspenthydrogen atomsand other atomsfrom the cavity), shorterand
more efficientmagneticshields,and better use of space.
This design is also much more rugged than previous
designs.The table on page 20 gives some data on its
performance,and Fig. 5 showsa cabinet-mountedversion designedfor NASA. Eventually,a new commercial
versionmay be introduced;however,considerablymore
work is neededbeforethis will be possible.
development
New Uses
Several scientific programs now under way or proposed dependupon frequency sourceshaving the stability of hydrogenmasers.
... RadioAstronomy
Radio interferometryis today one of the most active
and forward-lookingfields of ssisnge- a veritable new
frontier. Long-baselineradio interferometersare being
usedto measurethe sizes,positions,and characteristics
of many differentkinds of small-anglesources,including
quasars,pulsars,and narrow-bandOH radiation.
In a long-baselineinterferometer,two antennas
spacedhundredsor thousandsof kilometersapart observe the same source. Their receivedradio-frequency
signalsare heterodyneddown in frequencyand recorded
on magnetictape. Later, the tapesfrom the two stations

Fig. 3. /n the hydrogen maser, the desired transition is
lrom energy sfafe F -- 1, mc : 0 to enetgy state F : 0.
The energy of this transition, and thereforc the maset's
opetating trequency v, depend upon the magnetic tield
8,, so maser cavities ate carctully shielded to eliminate
stray tields.

Fig. 4. The hydrogen maset's output trcquency is 1420.405751 786 4 MHz
and its output power level is typically -97 dBm. Here is a system lor
obtaining 100-MHz, S-MHz, and 1-MHz outputs at useful power levels.
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. . . Super-Accurate Timekeeping
The two hydrogen masers at the Naval Research Laboratory are monitored by telephone link at the U. S.
Naval Observatory and serve as a 'super-clock' or
'flywheel'
for comparison with the time standard at the
observatory. This standard is based on a weighted average of a number of cesium-beam devices.
. . . Tests of Einslein's Theory ol Relativity
Scientists of the MassachusettsInstitute of Technology
are engaged in two tests of relativity theory, using the
radar and radio telescope at Lincoln Laboratory's Haystack Microwave Research Facility at Tyngsboro, Massachusetts(Fig. 6). In one test, radar pulses are being
used to track Venus and Mercury as these planets pass
behind the sun. According to Einstein's predictions, the
transmission times of the pulses will be increased by
about 130 ps (in a round-trip travel time of 25 minutes)
as the energy just grazesthe sun. A hydrogen maser controls the clock that times the pulses.
In the secondexperiment, the separationbetween two
quasarswill be monitored as radiation from one of them
passesnear the sun. Quasars are good approximations
to point sources of energy. The relativistic effect to be
measured is the predicted deflection of the energy as it
Fig.5. The latestversionol the hydtogenmaseris much
smaller and more rugged than previousdesigns.Two
maserssimilar to this one but without cabinetswill be
put into orbit in a satelliteto test the gtavitationa!red
shittpredictedby Einstein.

Robert F. C. Vessot
Bob Vessotreceivedhis 8.S.,
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Associates,now HP) and initiated
a programconcernedwith the
newly inventedatomic hydrogenmaser.He is now
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are brought together and correlated by digital computer.
The precision of the results depends upon the length of
time over which it is possibleto correlate the two signals,
and this is limited by the length of time that the local
oscillators at the two stations remain coherent in phase.
(Separate LO's must be used because of the wide
physical separation.) Several interferometers are using
rubidium and cesium standards as local oscillators. Hydrogen masers are also being used in several locations,
and are being considered for others because of their
superior stability.
. . . D e e p - S p a c eT r a c k i n g

An avid skier and sailor (oceanracing),Bob is also
interestedin old clocks and organs.He is vice president
of the MarbleheadArts Associationand is in chargeof
restorationof the association's18th centurymansion.He
is a memberof the CanadianAssociationof Physicsand
the AmericanPhysicalSociety.He has published
numerouspapers,chiefly on hydrogenmasersand
related subjects.

Very accurate doppler tracking of deep-spaceprobes
is possible when a hydrogen maser is used as a frequency
source.Development work on hydrogen masersfor deepspace tracking is now being done at NASA's Goddard
Space Flight Center and at California Institute of Technology's Jet Propulsion Laboratory.

19

passesnear the limb of the sun. The predicted maximum
deflection is 1.75 seconds of arc. To increase the accuracy of the experiment, interferometric techniqueswill
be used; two widely separated passive antennas will
receive the signals and the phase differences between
the two received signals will be measured to determine
the direction from which the energy appears to come.
The initial attempt to perform this experiment is planned
for late 1968. Working with Lincoln Laboratory'sHaystack site will be the National Radio Astronomv Ob-

servatory at Green Bank, West Virginia. Both Green
Bank and Haystack will use hydrogen masers.
. .. The Red Shift Experiment
Another test of relativity theory is being undertaken
jointly by NASA, Harvard, MIT and HP. This is an
experiment to measure the effect of gravitation on time
by placing into synchronous orbit a clock system consisting of two hydrogen masers. The rate of this clock
will then be compared with the rate of a similar
clock on the ground.
According to relativity theory, the relative rates of
two clocks, each operating in its proper inertial frame,
will be different if the clocks are at different gravitational
potentials. Again according to Einstein, a photon having
energy E has an equivalent mass 'M'- E/sz - hv/c'.
The gravitational potential acting on this 'mass' will
result in the photon's having greater energy at higher
gravitational potential. Because E : hv, a difference in
energy correspondsto a differencein frequency; the fractional change of frequency is Lv/v:L+/c'
where
gravitational
potential
A{ is the change in
and c is the
velocity of light.
Relativity predicts that because of the gravitational
shift and other orbital effects,the clock in orbit will run
faster than the ground-based clock by 46.5 /rs per day.
If this turns out to be so, an important aspect of relativity theory will be confirmed. With a clock precision
of one part in 1013,the gravitational shift can be measured to within -+0.02%.
HP is actively involved in planning and directing this
experiment, as well as in developingthe hydrogen masers
for it. 0

PerformanceData-Hydrogen Maser
Frequency:'
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Fig. 6. fhe 12oJoot antenna at Lincoln Labotatory's Haystack Microwave Research Facility. Notice the man at
the bottom. Haystack is one of several radar and radio
astronomy tacilities which use hydrogen masers as frequency standards.

Weighl:

1,420,405,751.7864
HzBetterthan 1 part in 10''?
Stability
4x10-rr
7 x 10-15
7x10-15
-97 dBm
105 to 125 volts,50/60 Hz
150 watts
4 2 i n c h e sh i g h
2 1 i n c h e sw i d e
2 6 i n c h e sd e e o
600 lbs

* This is the transition frequency lot a lrce, stationaryatom in zero
magnetic field. The actual maser frequencydifters from this due to
wall shitt, second-order doppler eltect, and magnetic tield. Cotr
rections for these elfects are easily applied.
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