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ABSTRACT

Based on a commercially available rubidium standard the
National Bureau of Standards (NBS) developed a portable rubidium
clock. Technical modifications which reduce the sensitivity
against temperature, magnetic environment, and barometric
changes allow stabilities in the 107'? range under typical
clock transport conditions. Under laboratory conditions the
clock shows a best stability of 3 parts in 10** . Clock pack-
ages based on sealed lead-acid batteries featuring a total
weight of 21 kg and 18 hours battery operation were tested; an
improved clock package was realized using silver-zinc batteries
with 11 kg weight and 28 hours battery operation. Reports of
several clock trips to the U.S. Naval Observatory and of one
clock trip each to the Bureau International de 1'Heure in Paris
and to the Hewlett-Packard Company in Santa Clara, California
are reported. Time transport precisions of .02 us have been
obtained. Special aspects of the clock modifications and the
operating characteristics are discussed, as well as an optimal
use of the data of a clock round-trip.

INTRODUCTION
For time comparisons with precisions of better than a few us be-

tween distant locations, cesium clocks are used exclusively at present.
The use of these devices is not without constraints due to their size as
well as their relatively high power demands. For example, with reason-

able and portable battery power supplies cesium clocks must be powered,

from outlets on the airplane on any transcontinental or intercontinental
trip and the purchase of a separate seat is necessary. As a result,
cesium clocks not only pose cost and Togistics problems, but also
affect the reliability of time comparisons. Commercial cesium clocks
are under development which promise reduction of the above problems;
nevertheless,it appeared prudent to explore the possibilities of small
commercially available rubidium standards which offer the potential of
very small clock packages. Even mailable clocks appear feasible.




THE BASIC RUBIDIUM STANDARD
Small rubidium standards are now commercially available. A unit

was selected featuring about 1 £ volume (approximately 10 x 10 x 10 cm)
and a weight of about 1 kg. The basic stability of the clock was

measured and the results are depicted in fig. 1. The frequency stabil-
ity of the clock can be described by* o (1) = 6 x 1OH]2T_]/2, a
flicker floor of 3 x 10713 .
at T = 1 day. For time transport with a precision of 0.1 us the

frequency stability requirement can be stated as o (t=T) < 1077 171,

,and a long term stability of about 3 x 10712

where T is the interval in seconds between the time comparison at two
remote locations (trip time). From this equation and fig. 1 it is
clear that the rubidium clock is basically capable of providing time
comparisons to better than 0.1 us for trip times out to many hours.

It is therefore obvious that environmental effects are of primary con-
cern. For long clock trips possible frequency drifts could be signifi-
cant. Clock trips take typically less than 18 hours. Environmentally
induced frequency changes should therefore be individually in the 10'12

range, or they should be calculable.

On a trip the clock encounters three major environmental changes:
a) magnetic field; b) temperature; c) barometric pressure. The perform-
ance of the particular NBS unit was tested against these changes.
For atomic frequency standards, frequency changes due to repositioning
are principally magnetic field effects. The performance of the unit
under test was: a) position (magnetic field): 1.2 x 10“10-y95§£,case
in the earth magnetic field; i.e., strongly dependent on the particular

position or orientation. b)temperature: about 7 x 10'12

per °C in the
range of 26-40 °C baseplate temperature; c)barometric pressure, parts
in 109 from atmospheric pressure to vacuum. It was suspected that the
barometric effect was related to temperature, in particular, tempera-
ture gradient effects, and that the barometric sensitivity would be

much less around atmospheric pressure.
* oy(r) is the square root of the two sample variance of fractional

frequency fluctuations. © is the sample time measured in seconds.
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We therefore decided to reduce only the magnetic field and tempera-
ture sensitivity and trust that the barometric sensitivity around
atmospheric pressure would pose no major problems.

In view of the need to provide the clock with a portable battery
power pack the sensitivity of the frequency against supply voltage
changes was of interest. Figure 2 shows this sensitivity which can be
described by about 5 x 10_12
conventional voltage regulation was necessary if batteries with a flat

per volt., Therefore, only a relatively

discharge voltage characteristic were to be used, such as lead-acid
or silver-zinc. Strongly varying voltages under discharge, such as
featured by alkaline batteries, would cause non-trivial problems.

THE IMPROVED CLOCK
The existing outer magnetic shield of the unit was partially re-

worked. The shield was repositioned to allow at least seven millimeter
distance everywhere to the inner shield, especially at the critical
locatijon of the photo detector. Also, adequate overlaps between the
joining portions of the shield were introduced. A third magnetic
shield was added and the space between the second and third shield

was filled with foam. This latter measure highly reduces convective
cooling of the unit and forces the mounting (baseplate) to act as the
only significant heat sink. This reduces temperature gradients within
the unit which would depend on the state of air circulation around the
unit and affect frequency stability and frequency accuracy. The base-
plate configuration, i.e., the layers of magnetic shields and the base-
plate itself, were joined using heat conductive paint. The only open-
ings in the outer magnetic shield are those for the wires of the neces-
sary supply and control voltages and a small hole to provide access to
the tuning capacitor of the crystal oscillator. To "harden” the unit
against acceleration and vibration, all critical wires and components
were glued to the circuit board, also, the adjustment potentiometer

for the magnetic field current was replaced by a fixed resistor provid-
11

ing an offset from the nominal frequency of several parts in 10




I BAROMETRIC SENSITIVITY

BOULDER — = SEA LEVEL
(~0.8 atm) (~1.0 atm)

(a) ORIGINAL UNIT + 1.5X10°
(b) SEALED UNIT < + 2x10712

11

IT MAGNETIC FIELD SENSITIVITY
(ORIENTATION IN EARTH'S FIELD)
(a) ORIGINAL UNIT 1.2X107 19 WORST CASE
(b) SHIELDED UNIT 3X107'2 WORST CASE

TABLE 1

TEMPERATURE COMPENSATION
VIA C~FIELD CURRENT ADDITION
(TEST-RANGE: 26°C TO 40°C AT BASEPLATE)

R(Q) L}.SK ] 613 f 580 [ 562

s (10718 [47.2 | +1.7|-0.14 |-0.8
PER C

TABLE 2
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The magnetic field sensitivity under the worst possible orienta-
tion in the earth's magnetic field was reduced by the measures de-
scribed above to 3 x 10"12t0ta1 frequency change as shown in Table 1.
The commercial rubidium standard features temperature compensation
using current addition into the internal magnetic field current supply.
This additional current is controlled by a temperature sensor, i.e.,
the atomic frequency is changed magnetically to compensate for tempera-
ture induced frequency shifts. In a series of temperature tests from
26 °C to 40 °C at the baseplate an optimum adjustment for the control-
1ing resistor was experimentally found. The unit was mounted on a heavy
plate which was temperature stabilized using a commercial temperature
controller. These tests were carried out with the complete unit featur-
ing the new third magnetic shield as described above with wires leading
out of the unit to allow quick substitution of the resistor. Table 2
gives the result for four different resistors. 1.5 k was the origina!
value supplied by the manufacturer. We can see that the temperature
sensitivity could be reduced by a factor of about 50 by choosing a
resistor of 580 (.

Finally the unit was barometrically sealed using epoxy glue to
close the small gaps in the outer magnetic shield. Thus, the outer mag-
netic shield serves as a pressure container. Though this action highly
reduces the effects of barometric pressure changes {(except for residual
flexing of the walls of the magnetic shield under pressure changes), it
introduces a pressure problem via temperature fiuctuation inside of the
sealed case. The pressure will change by the same percentage by which '
(absolute) temperature changes occur. Nevertheless, an advantage can be
gained since barometric pressure changes of the order of 10% are en-
countered during typical transport conditions whereas temperature
changes, i.e., temperature induced pressure changes, of the order of one
percent are encountered. Especially in a laboratory environment improve-
ments were expected to be significant since the temperature is stable to
a fraction of a percent whereas barometric pressure changes due to weath-

er related effects can be very significant and be up to many percent.




Figure 3 demonstrates this dramatically. Curve A in fig. 3
depicts the performance of the unit with all modifications installed
except for the barometric sealing. We see that the flicker level has
substantially dropped, and that the long-term stability (now 1 x 10_]3
for T = 1 day) has improved as compared to fig. 1. A reliable measure-
ment of the drift performance of the unit could be done. The drift
was typically 1 x 10_]3/day, or less during a period of many months.*
The barometric sealing Towered the flicker floor to about 3 x 10']4,
which we believe is the best stability ever measured with a rubidium
standard. Table 1 shows the reduction in barometric sensitivity for
a change from 0.8 atm to 1.0 atm corresponding to going from Boulder
Colorado to sea level. The original unit, with all improvements

except for barometric sealing, showed a change of 1.5 x 10'1]. The

sealed unit showed an effect of less than 2 x 10'12.

The improved rubidium frequency standard is mounted with its
baseplate inside an aluminum carrying case, thus securing adequate
cooling. The output of the standard is normally 10 MHz. A divider
provides externally available 5 MHz and 1 pulse/s outputs. Both
outputs are buffered and can handle 50 © loads with a 1 volt rms
signal for 5 MHz, and for the pulse a 5 volt peak with 10 ns rise
time. A battery power pack was installed inside the case with a diode
disconnect circuit. A regulated power supply, switchable for 115 and
230 V, supplies the standard and the divider circuit if the unit is
plugged into the power line.. Thus, no precaution is necessary in
connecting or disconnecting from power Tine service. Both battery and
line power supply feed their voltages to the standard via a 24.3 V
regulator.

* During'severa1 days following a clock trip, the actual performance
is somewhat worse than the performance depicted in fig. 3.
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The first battery pack used was a sealed lead-acid type which gave
the total unit a weight of 21 kg and 18 hours battery 1ife. The weight
of this unit caused difficulties in handling as carry-on luggage on air-
planes. Therefore, the lead-acid batteries were replaced by silver-zinc
batteries, giving the unit a total weight of 11 kg and 28 hours battery
life. This battery pack feeds about 31 V into the regulator during most
of the discharge with a somewhat higher voltage during the first half
hour and a rapid voltage drop at the end of the charge life,

Initially, the silver-zinc batteries were charged from a built-in
power supply. Unfortunately, this solution did not stand up to actual
service and we had to go to external charging. The principal reason for
this is the peculiar charge and discharge characteristic of silver-zinc
batteries and a change of this characteristic with time due to a mis-
match between battery type and charge current.* The principal feature
of the power supply is that it must disconnect totally any charge cur-
rent from the batteries when the batteries are fully charged because a
trickle charge would lead to destruction of the silver-zinc batteries.
It also has a total cut-off feature which disconnects the batteries from
the standard if the battery voltage drops below a preset level. This
stops the clock, but protects the batteries which would otherwise be
destroyed. We plan to replace the present battery set by a "low current"
style which will allow us to use the built-in automatic charging supply.

Figure 4 shows a photo of the complete unit. A meter is provided
in the unit with six switchable positions which allow the reading of the
regulator input voltage, the regulator output voltage, the battery volt-
age, the battery charge-discharge current, the crystal oscillator servo
voltage in the standard, and the light intensity monitor voltage in the
standard. Also, a lock indication is provided.

* The silver-zinc batteries will be gradually destroyed if charged by
a too Tow current. Our type of battery was a "high current" design
(unknown to us) and demanded > 1.5 A charge current, whereas our power
supply furnished about 0.3 A.
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OPTIMUM USE OF CLOCK TRIP DATA

A definition of clock transport conditions and terms is given in
fig. 5. Clock transport occurs from A to B and, if possible, back to
A. The time elapsed on the trip from A to B is TAB and correspondingly
the time from B to A is TBA' The actual time spent by the clock at
location B is TB. The change in. the time reading of the clock at loca-

tion B with respect to the clock at B is At The so-called "closure"

is AtAA’ i.e., the difference of the clock Egading when it returns to
location A with respect to the clock at A.

The most simple assessment of a clock trip would make use only of
AtAA' An assessment of the error or uncertainty of the clock compari-
son is then the difference between the measurement value of AtAA and
the value for AtAA as predicted from the rate of the clock at A before
leaving. In a round-trip, however, more data are usually available and
can be used to arrive at a better estimate of the time differences of
the clocks at A and B. Figure 6 illustrates this. Plotted are the
fractional frequency offsets y of the portable clock as a function of
real time at the various locations and during the trip. The clock has
an average rate yA at location A before it leaves. If B is also a
time-keeping laboratory with high-performance standards, j.e., clock A
and clock B are at about the same rate, then a precise reading of the
portable clock frequency at B can be made leading to the value Yp
(yB = AtBB/TB). Upon return to A the clock will show the frequency yp'
which usually is not significantly different from the original rate
yA. The average frequency for the combined trip time TAB and TBA can
then be calculated from the following equation

A Map - Atgg
B Tag * Tga
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This equation is, of course, only accurate to the degree of validity of
the measurement of AtBB or yg- In other words we have to assume that
the frequency or rate of the clocks at location B is not much differ-
ent than those at A. This requirement is not too stringent because

the requirement on our knowledge of the clocks at B in fractional fre-
quency is the same as our requirement on the frequency of the portable
clock during the trip time. Since 10_]2 corresponds to 0.1us in about
1 day trip time, a knowledge of the frequency of the clocks at B to

1 x 10712
for precision time laboratories this is a near trivial requirement be-

cause typically the rate is known to much better than 1 x 10"12.

is totally adequate for most clock trip purposes. In fact,

yg can then be used to predict the time reading of laboratory A
at the time of arrival of the portable clock at B and the reading of
laboratory B at the time of arrival of the clock back in Taboratory A.
The time difference between laboratory A and B for the first leg of
the clock trip is (tAmtB)AB, and it is (tA"tB)BA for the second leg
of the clock trip. A change in clock behavior and/or in the two
trip conditions would cause an error term. Obviously the error term
can be estimated from the difference Até , of the time readings be-
tween laboratories A and B obtained from the two Tegs of the clock trip.
The following equation gives an estimate of the error of Atg.

A {

SAt
0f course the first term in the equation will tend to be non-zero if
there is a rate difference between clocks A and B. If the rate d1‘ﬁ‘?er"-‘w
ence is significant, it should be accounted for before the error assess-
ment. In this equation we added a constant since the difference in the
time differences could be small fortuitously. Thus the constant includes
an estimate of the fundamental stability performance of the clock (ex-
cluding trip induced frequency changes), as well as an estimate of the
uncertainty in the rates of clocks at A and B if the two Tegs of the

clock trip are far apart in time. If only one leg of the clock trip is
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successful an improvid estimate of (tA—tB)AB or (tA—tB)BA and the
associated error GAtB can still be made using the clock rates ¥g at
B and yA and/or yA' at A.
CONCLUSIONS

A Tist of clock trips carried out during 1975 is given in Table 3.
Four clock trips were done to the U. S. Naval Observatory in Washington,
DC; two of which were complete round-trips. One trip was carried out
to the Bureau International de 1'Heure (BIH). This was only a one-way
trip since the return trip was not usable because of problems due to
shorting batteries. Finally, a trip to the Hewlett-Packard Company
was carried out. This trip was a round-trip; however, the data from
the return trip were not used due to a servo system problem in the
rubidium standard itself. The first trip to the USNO in May 1975
featured the clock package with lead-acid batteries. All other clock
trips were made with the silver-zinc battery. The table gives the
approximate trip time in hours and the measured time difference be-
tween the time scale of the laboratories and UTC(NBS). Finally, the
last column gives the estimated uncertainty of the time comparison.

The use of all available data from measurements at laboratories A
and B allows a reduction in the uncertainty of the time measurement.
The clock package is small enough that it could be shipped by priority
air freight. On trips within the US and to Europe we never did
encounter any serious difficulties with the clock being handled as
carry-on luggage; not even the airport security posed any significant
problems. Modifications of the battery package are obvious. For
shorter trips of up to several hours, lead-acid batteries may still be
the correct choice because of their comparative cheapness and reli-
ability. If weight counts and short clock trips are only envisioned,
then a small silver-zinc battery may be used with advantage re-
ducing the weight by an additional several kg. A larger battery is pos-
sible for up to forty hours of battery operation increasing the weight
of the portable clock to not more than 15 kg.
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CLOCKTRIPS
DESTINATION DATE Toe | Tea | (UTE);-(UTC) o sty
(RANGE) (h) | (h) {us) (us)
T USNO 26 MAY 75 6 - 7.6 0.2
USNO | 16/17 JULY 75 | 8 7 -8.10 0.03
USNO | 30/31 JuLY 75 | 7 6 -8.41 0.0
USNO | 26/27 SEPT 75 | 6 | - -8.23 0.03
BIM(OP) | 27/28 SEPT 75 | 18 : ~6.10 0.1
HP 9/21 NOV 75 5 1 (5) -2.96 0.05

USNO = US NAVAL OBSERVATORY
BIH(OP) = BUREAU INTERNATIONAL de 1'HEURE (PARIS OBSERVATORY)
HP = HEWLETT PACKARD COMPANY

TABLE 3
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FIGURE 1. Time-Domain Stability of a Commercial Rubidium Standard.
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Commercial Rubidium Standard.




-12

10712~
A
Iyt 13
10
B
14 | | |
10
102 103 10% 10°

-FIGURE 3. Time~Domain Frequency Stability of the Improved Unijt.

curve A Improved magnetic shielding and
temperature compensation.

curve B Improved magnetic shielding, temperature
compensation and barometric sealing.

A frequency drift of approximately 1 x 10']3 per day is removed
from the data.
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FIGURE 6. Best Use of Data from a Clock Round-Trip.

v = fractional frequency.

T = trip times.

AtAA = accumnulated time reading of the portable clock

from leaving A and ypon returning to A.
AtBB = accumulated time reading of the portable ciock
’ between arrival and departure at B.
5Atg = time errcr for a clock trip A to B or B to A.
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QUESTION AND ANSWER PERIOD

MR. KRUTENAT:
Bob Krutenat, Naval Torpedo Station.

We are building six of these units or six portable units
using the rubidium standard to be manhandled aboard ASW
aircraft and submarines. Do you have any information on the
sensitivity to shock or vibration?

DR. HELLWIG:

I should simply =say that I don't presently, I don't have
data on that. I don't think it is very bad short of falling
out of lock and survival problems. But, there are people

in the audience who could answer that, I think. Would any-
one like to answer this question?

MR. BADURA HEINZ:
Mr. Heinz, Ffratom.

We are actually the manufacturer of a small clock which was
supplied over to a Naval torpedo station and we actually
have not been asked to supply sufficient data on shock and
vibration, but we have run, of course, several tests with
approved laboratories to the same specifications normally,
cesium is specified. We passed all these tests. In addi-
tion, of course, we had been doing some research in connec-
tion with GPS programs and the unit is such it will survive
prysically any requirement which is specified herein, so it
is just a matter, actually, of let us say shock mounting
properly, that you can use the unit for your requirements,
which are not that severe.

This is both valid for vibration requirements and for shock
requirements.

MR. LUCK:
Luck, National Mapping.
I wholeheartedly endorse Mr. Wainwright's closing remarks.

Would it be possible to have some preliminary estimate of
the cost of producing such a machine commercially?




DR. HELLWIG:

As estimated, you are talking basically on the clock,
acquisition of parts on the order of $5,000.00. If you
build yourself the power supply, case, and so on, the
materials cost -- it -depends on what battery, batteries
are the biggest thing. The silver zinc battery pack in
this clock has a value of about -- I shouldn't say that,
otherwise somebody steals it because the main value 1is
gsilver -~ is about $1,200.00. That is easy to sell. A
rubidium clock is not as easy to sell.

So, you are talking, maybe, if you build it yourself, a
total of, at most, $7,000.00. If somebody wants to make

a profit there is time for testing, for optimizing the
temperature feedback and things like that, my guess is that
I think a commercial unit of that sort should cost still
less than $10K.

MR. BLOCK:
Mr. Martin Block, Frequency Electronics.

Helmut, we have had terrible experiences in unattended
clock transport by commercial aircraft and I think before
you attempt it, you might investigate that there are two
phenomena that the airlines don't tell vou. One is that
the pressure in the chamber sometimes goes to 50,000 feet
and the temperature typically is at 0  Centigrade and
sometimes goes as low as -40 and in 20 attempts of un-
attended between here and L. A. we have three successful
shipments of a clock that the batteries survived without
going to zero because all of the batteries' capaclity at
-40 go to about 2 percent of the normal capacity. So, 1
would really check this thoroughly before starting it.

DR. HELLWIG:

You stated one of the reasons why we haven't tried it yet,
because I wanted to bring it here. Let me say, if I say

by priority air freight, we are envisioning transport of
the clock in the cabin in the cockpit by carrying on by the
crew, Airlines are willing, at some premium, to do that --
some airlines. This is the way to go, especially 1if you
tell the pilot, you know, it is nice and he might improve
his own time readings and navigate better.
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DR. VESSOT:

We ran into a hill of flak when we decided to send an
atomic hydrogen maser to Spain in a commercial air carrier
which I was to board. We solved the problem by calling it
a clock. But, there are other problems we didn't solve.
We wanted to ship it while it was operating and they didn't
want batteries on board and I have a feeling that the car-
riers are likely to get uptight if they understand that
there are a few Joules. I donrn't know how many Joules of
energy, in a battery that is being left unattended that
could be considered dangerous cargo if a short should
occur.

This is one of the political problems I think we all have
to solve. In fact, it is no more dangerous than some other
things that I know are being shipped. I think there is
room for some work here.

DR. HELLWIG:

I think you point out a very severe problem and I just
think what we have to have is some sort of an accident

with one of those clocks to wipe out our ability to com-
pare time because the problem you are stating is not unique
to that thing. It is unique to all clocks, traditional
cesium, or whatever you do. We have run into, so far,

only the problem of not having the freedom to use mercury
batteries which would have an even better weight to power
ratio, though not rechargeable.

So far, we didn't run into opposition with the thing which
has a red light on and which obviously carried batteries.
Dr. Winkler, do you have any comment on this?

DR. WINKLER:

My only comment is that one cannot take anything for
granted. One cannot take for granted that the battery
supply will work. As you can see, this is just underlining
what we said this morning. I think that NBS ought to open
up a section on power supplies in order to bypass this limitation
in precision.
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It is and remains our most difficult bottleneck, provision
of primary power, and you are quite right in pointing out
that we may endanger our capability to make any clock trip's
and I would caution everybody here to do his utmost in pre-
venting such an accident. I take a dim view of sending
clocks unattended.

DR. HELLWIG:

There is one way out. I just found out there is an in-
creasing, apparently, increasing market for specialized
small package air freight businesses who would handle your
clock like a passenger on small aircraft which just carry
freight, quick delivery within 24 hours, of packages and I

intend to explore that before we get it into passenger air-
craft cockpits.

DR. WINKLER:

The point is that we do not have the instructions in case
of an emergency. If you send a technician who is trained
in handling such a thing, at least he has some idea what to
do. To open up the short as quickly as possible. If it

is a steward or stewardess, he would be completely helpless
If they had a fire on board, that would be the end of our
business.

DR. HELLWIG: That is right. I think that is a warning we
should all take to heart.
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