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A Sealed Water Calorimeter for
Measuring Absorbed Dose

Volume 99

Number 2

March-~April 1994

Steve R. Domen

National Institute of Standards
and Technology,
Gaithersburg, MD 20899-0001

The NIST sealed water calorimeter is
intended for direct measurement of ab-
sorbed dose to water. This calorimeter
was used for a series of approximately
3700 measurements to investigate the
so-called heat defect, that is, anomalous
endothermic or exothermic effects
caused by dissolved gases. The three
systems investigated were “high-purity”
water saturated with N, H,, and mix-
tures of Hy/O,. The repeatability of the
measurements of absorbed dose rates
for the ®Co teletherapy beam was
studied with different water fillings and
accumulated absorbed dose. Measure-
ments with the H,/O, system varied

with accumulated absorbed dose. Based
on the measurements and theoretical
considerations, it appears that the H,-
saturated system is the best choice for
eliminating the heat defect. Measure-
ments with both the N,- and H,-satu-
rated systems are in good agreement
with those determined with a graphite
and graphite-water calorimeter (for
which there is no heat defect).

Key words: absorbed dose; calorimeter;
convective barrier; heat defect; thermis-
tor; water.

Accepted: December 2, 1993

1. Introduction

Absorbed dose' is widely used to quantify the
medical or biological use of ionizing radiation. The
output of a radiation therapy accelerator is cali-
brated by determining the absorbed dose rate in
water, which has been chosen as the standard ref-
erence material 1] because it has absorption and
scattering properties similar to tissue. Tradition-
ally, absorbed dose is determined from measure-
ments with an ionization chamber and using a
protocol [2], which gives the procedure along with
numerous correction factors for determining the
absorbed dose to water. It has been shown [3-5]
that the most nearly direct approach is with a water
calorimeter. In principle (when the heat defect is

! Absorbed dose is the energy per unit mass imparted to matter
at a point by ionizing radiation. The SI unit of absorbed dose
is the gray (symbol Gy). 1 Gy=1 J/kg (=100 rad).
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negligible), the absorbed dose at the measurement
position is simply the product of the temperature
rise and the specific heat capacity of water. Yet this
direct approach was not considered possible be-
cause of technical difficulties [1].

The possible success of the water calorimeter
was viewed mainly as involving two investigative
phases [4] as to whether: (1) an accurate small
temperature rise could be measured with a suffi-
ciently good signal-to-noise ratio, and (2) the heat
defect could be dealt with by its elimination or a
correction applied for its effect. In the present
work, these effects were investigated in three sys-
tems of “high-purity” water saturated with high-
purity gases of (1) nitrogen, (2) hydrogen, and (3)
mixtures of hydrogen and oxygen. They were inves-
tigated as a function of accumulated absorbed dose
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over long periods of time and with different water
fillings.

The temperature rise was measured with two
calibrated thermistors in opposite arms of a
Wheatstone bridge to double the output signal. For
negligible heat defects and changes in thermistor
power, the absorbed dose D is:

D =(1/2) (AR/R) 15 Y c, 1)

where D is the absorbed dose,
1/2 is the result of using two thermistors to mea-
sure a temperature rise,
AR/R is the measured fractional change in the
Wheatstone bridge balancing resistor,
1S~ is the absolute value of the reciprocal of the
mean sensitivity of the thermistors determined
from the calibration data, and
¢ is the specific heat capacity of water at the
calorimeter operating temperature.
The product 1/2 (AR/R) 187" is the temperature
rise.

2. The Calorimeter
2.1 Design

Figure 1 shows the general features of the sealed
water (SW) calorimeter. ‘“High-purity” water
(HPW) is sealed within a thin-wall cylindrical glass
container, 110 mm long and 33 mm in diameter. It

has a dual purpose: (1) to enclose the sealed wa-
ter, and (2) to act as a convective barrier. The as-
sembly is immersed in a 30 cm cube acrylic
container filled with once-distilled water (the same
system used for the calorimeter described in Ref.
[4]). The electrical resistivity of the water was
about 0.4 M{}cm. A thermistor was mounted in the
water to display its temperature to a resolution of
0.01 °C.

The name HPW is used in this paper merely to
refer to the relatively cleaner stagnant water in the
glass container. The water was prepared in a sys-
tem consisting of a filter, deionizer, and an organic
absorber, which gave the water an electrical resis-
tivity of 30 M{»cm. The water was withdrawn and
handled in glassware which had been cleaned and
placed overnight in a furnace at 450 °C. The water
in the glass container was saturated with the high-
purity gases.

A square collimated ®’Co beam (145 mm X 145
mm at the 50 percent dose points) produced a tem-
perature rise, that was measured at a 5 cm depth
from the water surface. The temperature probes
consisted of the calibrated thermistors (0.25 mm in
diameter) enclosed within and near the end of thin
glass capillaries positioned along the axis of the
tube. Figure 2 shows schematic constructional de-
tails of the sensor end of the probe. The distance
between the thermistors can be varied. It was set at
9 mm within a uniform field.

Collimated
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Fig. 1. Essential features of the SW calorimeter for measuring absorbed dose or

absorbed dose rate.
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Fig. 2. Schematic diagram showing the essential constructional
details of the temperature probe consisting of an embedded
thermistor near the end of a long thin capillary. The dimensions
are in millimeters.
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Figure 3 is a photograph showing some construc-
tional details of the mounted detector assembly.
The entire length of the glass structure is 175 mm.
The outside diameter around the mid-plane is 33
mm, and the wall thickness varies from about 0.25

mm to 0.33 mm. The volume of the enclosed water
is 90 cm®. Shown at the upper left within the tube
(and indicated in Fig. 1) is a bubble of the saturat-
ing gas. Its purpose is to expand or contract, to
prevent the tube from fracturing when the assem-
bly is subject to large room temperature variations.
The bubble is entrapped at that position by the cir-
cumferential depression in the tube, which pre-
vents the bubble from migrating to the beam axis
directly in front of the sensing thermistors. Shown
at the lower right of the tube in Fig. 3 (and indi-
cated in Fig. 1) is a platinum lead. It was in contact
with the HPW and the once-distilled water, which
was electrically grounded. The platinum lead was
included as a precaution against possible charge
buildup within the HPW, which could cause large
disturbances in the small temperature signals that
were to be measured. The large diameter portions
(7 mm) of the temperature probes passed through
snugly fitting holes in bushings of low density

Fig. 3. Photograph showing some details of the mounted thin-wall glass tube enclosing the HPW and temperature probes connected to

external waterproof leads.
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[(0.91-0.93) g/cm’] polyethylene, which is relatively
elastic. High density [(0.94-0.97) g/em®] poly-
ethylene should not be used, because it is relatively
rigid and stiff. The low density polyethylene, ac-
cording to preliminary helium-leak tests, helped to
make vacuum-tight seals between the polyethylene
and glass when the bushings were screwed into po-
sition against glass apertures (shown below). This
sealed the water from exposure to the atmosphere
containing oxygen, which would otherwise be re-
absorbed in the water to cause a heat defect. The
total area of polyethylene in contact with the water
was about 5 mm?®. Small holes were drilled through
the electrical sockets so that the air within the cap-
illaries would vary with atmospheric pressure. If
troublesome moisture condensed within the
probes, it could be evacuated through the holes by
placing the probes in a vacuum chamber.

2.2 Measurement and Drift Balancing Circuit

The upper part of Fig. 4 is a Wheatstone bridge
circuit containing thermistors 1 and 2 in the tem-
perature probes. It is used for calibrating the ther-
mistors and measuring the irradiation temperature
response. The resistor R’ is preset so that R'=r,
(the resistance of thermistor 2), when V,=Vjy.
When the bridge is balanced, the resistances of the
four arms are approximately equal. These condi-
tions will give near minimal corrections for changes
in thermistor power during irradiation [4]. The re-
sistor R, is preset to give a desired average electri-
cal power dissipation in the thermistors. Irradiation
causes the bridge to be unbalanced, but is restored
near the balance position by adjusting the bridge
balancing resistor, R. A computer program ana-
lyzed the runs and calculated slight variable correc-
tions (<0.03 percent for powers up to 30 wW) for
effects of slight changes in thermistor powers dur-
ing a run. This correction is included in the value
AR/R [in Eq. (1)], the fractional change in the
bridge balancing arm.

The lower part of Fig. 4 is a resistance-capaci-
tance (RC) circuit. Its function was described pre-
viously in detail [5-7]. Briefly, its purpose is to
balance out small initial drifts in signal across PP’
caused by temperature gradients in the vicinity of
the thermistors. This is done by moving R; in such
a direction as to produce a change in drift signal
across PP’ from the RC circuit, which is opposite
to that caused by the internal temperature gradi-
ents. When used for the measurements described
in this paper, R; was set on 0.5 GQ to give a 33 min
time constant, large in comparison to the radiation
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Fig. 4. Wheatstone bridge circuit for detecting temperature
changes and a resistance-capacitance circuit (temperature drift
balancer) to counteract drifts in signal across PP’ as a result of
temperature gradients in the vicinity of the thermistors.

time. Irradiation times were varied and were nomi-
nally 1 min and 1.5 min.

2.3 Thermistor Calibration

The thermistor resistance value (r) at a given ab-
solute temperature (T) is given by the well-known
empirical expression:
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r=ry eAVT-VT0) (2)
where ro is the resistance at temperature To. B is
the “material constant,” which has the dimension
of temperature (K).

The sensitivity of a thermistor (S) is defined as
(1/r)(dr/dT), which gives

S =i—-B/T 3)
Equation (2) can be reduced to linear form:
y=p+0, 4)

wherey =1nr,x=1/T, and 8 =1n ro— B/To, a con-
stant. Least-squares fits of the data are applied to
Eq. (4).

Calibration of a thermistor is the determination
of §, which is its fractional change in resistance per
degree change in temperature. The temperature
was measured with a calibrated mercury ther-
mometer (0.01 °C per division) and a quartz ther-
mometer. The thermistors used had a resistance of
about 3.3 kQ at 22 °C with a negative coefficient of
resistance of about 3.7%/K. The temperature
probes were removed from the glass container and
placed in the once-distilled water (Fig. 1) so that
they would rapidly change with the water tempera-
ture which was varied at intervals of 1°C from
15°C to 29 °C. The temperature of the water was
raised with four immersion heaters (total 100 W),
and the water was circulated to attain uniform tem-
perature. Then the water was allowed to become
stagnant before measuring the thermistor resis-
tances. Their resistances as a function of tempera-
ture are shown in Fig. 5. The bridge was balanced
at each temperature. The thermistor resistances (1
and r;) plus the external lead resistances, which
were about 0.6 percent of 7, or rz, could be deter-
mined from the known resistances (R and R') and
the four measured potentials across the bridge
arms as indicated in Fig. 4. The thermistors, how-
ever, were calibrated one at a time (for the sake of
safety in handling), which required replacing a
thermistor with a known resistance. This then gave
two methods of determining a thermistor resis-
tance, from (1) two measured potentials and a
known resistance, and (2) three known resistances.

The effects of the external lead resistances de-
crease the sensitivity of the Wheatstone bridge
arms containing the thermistors. This decreases the
observed calorimetric signal. These are nullifying
effects that lead to negligible measurement errors.
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Thermistor Resistance, ko

25 L |
15 20 25

Temperature, °C

30

Fig. 5. Calibration data of thermistor resistances as a function
of temperature.

The latter effect appears in the numerator of Eq.
(1), and the former appears in the denominator.
Therefore, small lead resistances can effectively be
considered as an integral part of r, if no correction
is applied to the observed signal. Otherwise, essen-
tially the same correction factor must be applied to
determine the true thermistor sensitivity and the
calorimetric signal.

Figure 6 shows interesting calibration results
measured eight times over a period of 184 weeks.
They were first measured soon after their construc-
tion. The second calibration was done 62 weeks
later (in preparation for irradiation measurements
described below). Although they received no irra-
diation during this period, the B and r values had
average increases of 0.45 percent and 3.5 percent,
respectively. During the first phase of the experi-
ment (5.6 kGy accumulated absorbed dose in N.-
saturated water), they increased again by 0.03
percent and 0.34 percent, respectively. With no fur-
ther increase in absorbed dose and 53 weeks later,
the increases were 0.22 percent and 0.21 percent,
respectively. Over the next 55 week period [(5.6—
17.8) kGy accumulated absorbed dose in Hp- and
Hy/O,-saturated water] the increases were 0.20 per-
cent and 0.14 percent, respectively.
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Fig. 6. Thermistor “constants,” 8, as a function of accumulated
absorbed dose and time.

The changes appear not to have been caused by
irradiation. This is consistent with other reported
results of accumulated absorbed dose up to 620
kGy [8]. In another investigation [9] an accumu-

lated absorbed dose of 4.3 MGy at a rate of 25
kGy/min from 3 MeV electrons produced a resis-
tance change of only about 0.01 percent. A possible
cause may have been a gradual release of strains
within the thermistors as a result of their manufac-
ture or handling their delicate leads during the fab-
rication of the temperature probes.

The above points out the precautions that must
be taken to assure that the B values remain essen-
tially constant during an extended experimental pe-
riod. If they change significantly, it must be
detected immediately and recalibrated. The
method used was the observation that a change in
B was accompanied by a change in r. The resis-
tances were routinely measured before and after a
daily set of measurements from the known poten-
tial and resistance values of the Wheatstone bridge
arms as described above. The B-value changes be-
tween the dates of calibration were assumed to be
linear for determining slight corrections to the date
of absorbed dose measurements.

Table 1 lists a set of measured g8 values deter-
mined from different temperature ranges, which

Table 1. Thermistor material “constants,” g8

Temperature
Range B B:
O X) (K)

15-21-27 3206.64 3233.54

16-21-26 3206.93 3234.17

17-21-25 3206.30 3234.20

18-21-24 3205.92 3234.56
3206.45+0.007% 3234.12+£0.006%

16-22-28 3209.29 3237.01

17-22-27 3210.12 3236.57

18-22-26 3210.46 3236.83

19-22-25 320888 38655
3209.69+0.001% 3236.74 £ 0.004%

17-23-29 3213.33 3239.68

18-23-28 3212.42 3239.78

19-23-27 3213.25 3238.94

20-23-26 321435 323900
3213.34+0.012% 3239.35+0.007%

19-24-29 3216.57 3242.35

20-24-28 3215.56 3242.34

21-24-27 321735 _ 324198
3216.49+0.016% 3242.22 £0.004%

21-25-29 3220.47 3245.60

22-25-28 3218.70 3245.88

23-25-27 3221.26 3245.02
3220.14+0.024% 3245.50 + 0.008%
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vary from three to six degrees above and below
mid-temperature ranges from 21 °C to 25 °C. The
average values are listed at each set of mid-range
temperature and the experimental standard devia-
tions of the mean, which average about 0.01 per-
cent. The average values are plotted in Fig. 7.
From all sets of measurements, the average in-
crease in the B values was 0.11%/°C increase in
mid-temperature calibration. The temperature of
the thermistors was known during the measure-
ments of absorbed dose (near 22°C or 23°C).
Small corrections were made to the B values be-
cause the temperatures differed from those nomi-
nal values.

3250
3220

3240
3210

Thermistor "Constant”, B
Thermistor "Constant", 3

21 22 24 25

Midrange Temperature, °C

Fig. 7. Thermistor “constants,” B, as a function of mid-range
temperature calibration.

3. Heat Flow Calculations

Ideally, the temperature rise at a point in water
would be made with a massless sensor. But this is
not realizable in practice. Thermistors are made of
metallic oxides, which are covered with glass beads
in the manufacturing process. The thermistor and
its bare leads are then embedded in a thin glass
capillary to electrically insulate it from the
grounded water. Temperature rises, therefore, are
measured primarily in glass.

The immediate rate of temperature rise of the
irradiated glass, over a wide range of photon and
electron energies, is about four times that of the

127

surrounding water. Reference [10] gives useful in-
formation on the temperature rises of various ma-
terials in the form of a foil, wire, or small sphere,
such as a thermistor.

Irradiation causes excess heat to be generated in
the temperature probe. The amount of this heat is
proportional to the mass of glass, which therefore
must be made as small as possible. If measure-
ments are to be accurate, the excess heat must be
rapidly conducted away during irradiation and re-
duced to negligible amounts within a few seconds
after irradiation. This is the start of the calorimet-
ric afterdrift, which is used in the analysis for de-
termining the temperature rise. Some excess heat
will remain during this period. Heat-flow calcula-
tions must be made to determine if the non-water
materials can be made small enough, so that the
effects of the remaining excess heat do not signifi-
cantly affect the accuracy of measurements.

With reference to Fig. 1, there are three sources
of excess heat if the assumption is made that the
HPW within the glass container has a zero heat
defect with a relative absorbed dose rate of 1.
These are convenient assumptions for the sake of
carrying out the calculations described below. The
sources of excess heat are the (1) once-distilled wa-
ter, (2) thin glass wall, and (3) glass capillaries.
Calculations were performed by use of the well-
known Schmidt numerical method described in
many publications as, for example, in Ref. [5]. The
water was imagined to consist of concentric cylin-
drical shells (0.25 mm thick) with a common axis
along the axis of the temperature probes.

3.1 Effect of Once-Distilled Water

The once-distilled water was found to have an
exothermic effect of 3.5 percent [4]. Therefore, the
relative absorbed dose rate in this water is 1.035.
This will cause excess heat to be conducted cylin-
drically toward the thermistors. Figure 8 shows the
excess temperature rise (in percent) of the thermis-
tors as a function of time after a 60 s irradiation
run. The effect is greatly reduced when the tube
diameter is increased from 25 mm to 30 mm.

3.2 Effects of Glass Wall

The glass wall is an effective barrier against con-
vection, which can occur relatively easily in the
large external volume of water at room tempera-
ture [11,12]. Its diameter (d) must not be too small,
because significant excess heat from it may arrive
at the thermistors before the irradiation run is
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Fig. 8. Excess thermistor temperature rise caused by heat con-
duction from once-distilled water outside a tube (25 mm and 30
mm in diameter) as a function of time after a 60 s irradiation
run.

completed. It must not be too large, because condi-
tions will eventually occur when the onset of con-
vection will take place (when the Rayleigh number
=1000) [4,13,14]. Results from the previous and
following numerical calculations were valuable in
deciding on an appropriate diameter.

A uniform glass wall thickness of 0.25 mm was
assumed for the calculations. A further simplifica-
tion was made to facilitate the calculations. Con-
sidering the mass energy-absorption coefficients of
glass and water, their densities, and specific heat
capacities, it can be shown that the glass can be
imagined as being replaced with water where the
relative absorbed dose rate is about 2.4 for the case
of ¥Co irradiation. Excess heat will be conducted
cylindrically away and toward the thermistors. Fig-
ure 9 gives the excess temperature rise (in percent)
of the thermistors as a function of time after a 30 S,
45 s, and 60 s irradiation run. The results show that
the tube diameter should be 30 mm or somewhat
greater. The constructed tube shown in Fig. 3 has
an outside diameter of 33 mm in the region of the
thermistors. It appears that the diameter should
not be larger than 35 mm. At that diameter the
calculated excess temperature rise is 0.09 percent,
at 60 s after a 60 s irradiation run. In practice, ex-
trapolation of the final drift to the mid-run will
tend to correct for the variable increase of the small
amount of excess heat sensed by the thermistors; or

128

0.8 —
B Irradiation
Time (s)
. 061
3
@
R
T
2 [
=
8
3
£
ﬁ 0.4 -
P Tube Dia.
g (mm)
w — 25 — 7
30 —— v
e
e
0.2 7 V!
s
Ve
7 A
- -
-~ _ 4/5// <
- — 30_ ~
0 e S el |
0 10 20 30 40 50 60

Time After Irradiation, s

Fig. 9. Excess thermistor temperature rise caused by heat con-
duction from a 0.25 mm thick glass wall tube (25 mm and 30 mm
in diameter) as a function of time after irradiation.

the calculated curves shown in Figs. 8 and 9 could
be included in a computer program and subtracted
from a measured post-irradiation drift.

3.3 Maximum Effect of Temperature Probe

The basic detailed construction of the tempera-
ture probe is illustrated in Fig. 2. The thermistor is
located near the end of the probe and embedded in
epoxy. The excess heat is conducted cylindrically
and spherically away from the region near the end
of the probe; and while this is happening, heat is
conducted axially along the capillary toward the
end of the probe. The combined effect of this ge-
ometry and of the densities and thermal conductiv-
ities of the glass and epoxy is a complex situation
that is under detailed study at the time of this writ-
ing. However, a maximum effect (greater by a fac-
tor of about 7) was determined by calculating the
excess temperature rise at the center of a long solid
glass rod 0.5 mm in diameter. There is then only
cylindrical flow of heat. This is easily solved by the
numerical method mentioned above. The results
are shown in Fig. 10. Note that if significant excess
heat remains at the end of the irradiation period,
there will be a noticeable sharp drop in signal
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Fig. 10. Excess temperature rise at the axis of a long solid glass
rod (0.25 mm radius) immersed in water as a function of time
after irradiation.

within 5 s after irradiation. During actual measure-
ments (shown below) this was too small to be ob-
servable.

3.4 Orientation of Probes

To avoid concerns and possible errors in mea-
surement, it appears that positioning the axes of
the temperature probes perpendicular to the beam
(as shown in Fig. 1) is better than positioning a pair
of probes parallel to the beam [11]. The concerns
and errors would depend on the absorbed dose
(temperature) profile along the probe, its geome-
try, and the thermal diffusivity of the pyrex glass
probe which is about four times that of water. Mea-
surements are commonly made at the peak of the
absorbed dose curve, where the radial temperature
gradients are usually much smaller than the axial
gradients. This might cause a component of heat to
flow along the temperature probes (parallel to the
beam) significantly different from that through wa-
ter.
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4. Probe Fabrication
4.1 Capillary Formation

The temperature sensing probes were fabricated
from commercially available pyrex pipets. Figure
11 illustrates the first step. Weight A (about 3 g)
was attached near the lower end, which had nomi-
nal inside and outside diameters of 1 mm and 1.5
mm, respectively. These dimensions are too large.
The inside diameter was to be formed by a high-
melting-point wire, 0.30 mm in diameter. This
would barely allow the thermistor to be inserted
into the completed capillary. Weight B (about 300
g) was attached to the lower end of the wire, to
keep it straight. The guide hole held the assembly
in a vertical position. The flame shield offered

Flame
Shield

0.30 mm
Dia. Wire
A
{ Tape
Weight
J—«—Guide
B [ ]

Fig. 11. Illustrative method of reducing the diameter and wall
thickness of a pipet to desirably small dimensions.
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some protection from distortion of the enclosed
glass surface, which was to be part of the sealing
surface for enclosing the HPW. Two torches were
used to direct flames along opposite sides of the
pipet. When the glass softened, weight A caused
the pipet to stretch and collapse around the wire.
The formed capillary and enclosed wire were cut.
This shattered a small section of the capillary and
blunted the end of the wire, which was filed to a
point to permit its removal. It was successfully re-
moved, roughly about 75 percent of the time with-
out breaking the thin-wall capillary. The glass did
not fuse to the wire, because it was pre-blackened
over a candle flame. It was also pre-strained to re-
move its curvature, which would otherwise cause a
force against the thin capillary and possibly cause it
to break when weight B was removed. Although
the capillary diameters over a distance of at least 1
cm from the end ranged only 0.38 mm to 0.44 mm
(measured with a graduated microscope disk), they
were sufficiently sturdy. Capillaries with larger di-
ameters were rejected.

4.2 Grinding

Figure 12 shows the method used for grinding
the end of the capillary. The shattered end rested
on a microscope slide containing a mixture of fine
grinding powder and water. After the shattered
end was ground off, the unit was heated in a fur-
nace at 565 °C for several minutes to remove possi-
ble strains in the glass.

[ .
Guides
v
Microscope
il —— > |

Fig. 12. Illustrative mcthod of grinding the end of a capillary.

4.3 Aligning

Figure 13(a) indicates that the XX’ axis of the
probe large diameter (7 mm) did not necessarily
coincide with the axis of the small capillary. This
happened even though (as illustrated in Fig. 11)
the assembly was held in a vertical position. The
angle of offset was random. A significant offset
would cause the thermistor to be unnecessarily too
close to the glass wall when it was screwed into the
assembly as shown in Fig. 3. This would cause the
excess heat from the wall to arrive sooner at the
thermistor. The most important part of the offset
(toward the thermistor) was removed by the
method illustrated in Fig. 13(b). The large diame-
ter end was held in a lathe collet. The long thin
capillary was flexible enough so that part of it was
made to pass through a hole in a guide held with
the lathe chuck. The lathe was turned at a slow
speed (~25 rpm) while a flame was directed on
the capillary as shown. When the glass softened,
the strain along the capillary was relieved and then
the flame was removed. This caused the thermistor
to be aligned close to the XX’ axis.

Guide

Fig. 13. Illustrative method of making the sensor end of the
capillary axis coincide with the larger tube axis.

4.4 Encapsulation

4.4.1 Thermal Coupling A desirable charac-
teristic of a temperature probe is to have good
thermal coupling between the thermistor and its
surroundings. Figures 14(a) and 14(b) show the re-
sults of preliminary work to determine the method
to be used and its effectiveness in enclosing a ther-
mistor [15]. When enclosed and surrounded by air
as indicated in Fig. 14(a), the immersed probe had
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Fig. 14. Results of measurements of the temperature rise in a
thermistor per unit electrical power dissipation when it was sur-
rounded directly by: (a) air; (b) epoxy. The dimensions are in
millimeters.

a temperature rise of 3.24 mK/uW of electrical
power dissipation. The end of the long capillary
was then ground off and the thermistor was em-
bedded as shown in Fig. 14(b). Its temperature rise
was then 1.78 mK/wW. This lower value is an im-
provement and is attributed mainly to the higher
thermal conductivity of the epoxy, about 30 times
that of air.

Further preliminary work removed possible trou-
blesome features shown in Fig. 14(b), which indi-
cates that the surface of the epoxy would be in
contact with the HPW that would absorb organic
impurities. Furthermore, prolonged immersion
would cause the electrically grounded water to be
absorbed in the epoxy and be in contact with the
thermistor and its leads, which would cause large
erratic signals. This possible source of trouble was
eliminated by closing the capillary end with glass as
illustrated in Fig. 2.

4.4.2 Lead Insulation Figure 15 illustrates the
procedure for embedding, enclosing, and ensuring
that its bare Pt-Ir leads (25 pm in diameter and
~1 cm long) would not be electrically shorted. The
leads were soldered to 25 pm diameter copper
wires coated with polyurethane. To prevent electri-
cal shorts, particularly in the congested region of
the soldered joints, observations through a micro-
scope revealed the necessary locations on which to
apply beads of fast drying epoxy. Then the leads
and thermistor were withdrawn and the epoxy
beads were applied. Several cycles like this had to
be made before observations revealed that the
epoxy beads separated the bare portions of the
wires.

4.43 Embedment Figure 15(b) shows the ap-
plication of a viscous slow-drying epoxy at the
opening of the capillary. A thin wire was used to
transport several applications of the epoxy into
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Fig. 15. Illustrative procedure for embedding and enclosing a
thermistor and ensuring that its bare leads would not be electri-
cally shorted. The dimensions are in millimeters.

position with the aid of a microscope. The epoxy
was drawn into the capillary by the surface tension
caused by those materials. The amount of epoxy
applied was such that its final length behind the
thermistor was 1 mm to 2 mm, as indicated in Fig.
15(c). This provided increased thermal conductivity
from the heated wires close to the thermistor with
only a slight addition of a non-water material near
the thermistor.

444 End Closure The glass rod (~1 mm
long) was attached to an apparatus containing
three micrometer movements that were necessary
for maneuvering the glass rod into the capillary
opening. The glass rod was made slightly tapered,
and its ground right surface had a diameter only
about 10 wm to 15 wm smaller than the opening of
the capillary. The inserted rod pushed back the
thermistor, making a direct contact. The taper of
the rod was such that the glass rod was also in firm
contact with the capillary. The capillary end shown
in Fig. 15(c) was ground down to the 0.2 mm di-
mension shown in Fig. 15(d). Placement of the
thermistor close to the capillary end causes it to be
in the “cool” region of the excess heat, because of
the added and strongest heat conductivity (spheri-
cal) from the capillary end.

Figure 16 is a photograph of the sensor end of
the completed temperature probe. The scale mark-
ings are in millimeters. Reflections and refractions
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Fig. 16. Photograph of the constructed temperature probe. Reflections make it appear that there is an abrupt change in capillary
diameter near the right end to the enclosed epoxy. The scale is in millimeters.

make it appear that there is an abrupt change in
capillary diameter at a position near the right end
of the enclosed epoxy. Figure 17 shows the entire
probe assembly. The electrical plug was epoxied
into position. Two holes were drilled parallel to its
axis in order to not entrap the air within the capil-
lary. Six probes were constructed. When immersed
in water, their temperature rises ranged from
(1.34-1.56) mK per uW of electrical power dissipa-
tion.

The setup shown in Fig. 1 was used to measure
the leakage resistances between the thermistors 1
and 2 in the temperature probes and the surround-
ing water, which remained in the glass container
for 221 d. The results are shown in Fig. 18. The
resistances were always high and stable over long
periods compared to the irradiation time. A calcu-
lation based on an assumed maximum and rapid
short time change showed that the resultant contri-
bution to the noise level would be lower by a factor
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of about 500 compared to the noise observed dur-
ing the measurements.

5. Heat Defect
The heat defect, knq, is defined by

kna= (Ea— Ep)/E,, &)
where E, is the energy imparted to a material and
E\, is the energy released as heat. The reaction is
endothermic when E,>FE, and exothermic when
Eh >Ea.

The heat defect was perhaps the greatest obsta-
cle to initiating the investigation of the water
calorimeter. The initial design consisted of once-
distilled water open to air and in contact with plas-
tic materials [3,4]. Exothermic results reported by
investigators ranged from 1 percent to 5 percent. It
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Fig. 17. Photograph of the temperature probe assembly.
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Fig. 18. Measurements of leakage resistance between thermis-
tors 1 and 2 in the temperature probes and the surrounding
water.

is difficult to determine how much of this can be
attributed to differences in water quality. Part of it
can be attributed to real errors in the comparative
method of ionization chamber measurements and
the use of protocols to determine absorbed dose.

Significant progress has since been made in car-
rying out the above mentioned second and rela-
tively longer phase (2) in the development of the
water calorimeter {4]: theoretical and experimen-
tal investigations aimed at giving more assurance
concerning the heat defect.

Therefore, the new generation of calorimeters
are to be relatively clean, to improve the water
quality. The water is to be contained in clean glass
containers, and sealed from the atmosphere
[16,17]. It is also to be prepared in such a way as to
cause an essentially zero heat defect [16-20], or to
determine if a particular type of heat defect could
be reproduced and accurately corrected [20].
These studies in the present experiment required
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saturating the HPW with high purity gases. The
stated commercial minimum purities of the Na, Ha,
and O, gases used were 99.9995 percent, 99.9995
percent, and 99.997 percent, respectively.

Figure 19 illustrates the method of using the
high-purity N, (<0.2 parts per million O;) to re-
place absorbed gases in the HPW, which is then
transferred to the glass detector assembly. A vac-
uum pump was initially used to evacuate possible
trapped air pockets within the gas gauges and
valves (not shown). The detector assembly was ini-
tially flooded with N,. Polyethylene tubing (3 mm
inside diameter) connected the components shown.
A rotameter indicated that the N; flow rate was
about 30 cm*min. The gas passed through a fritted
disk at the bottom of a glass column containing the
HPW. The column had a volume six times that of
the glass detector assembly. A vigorous flow of
many tiny bubbles of N; ascended through the wa-
ter. The gas easily passed through the assembly,
because the polyethylene bushings had been partly
unscrewed to make the threads loosely fitting. The
flow rate continued for 40 min. Then the column
and detector assembly were rotated about 1/2 turn
around the horizontal axis, while the gas pressure
continued. The water ascended, entrapping a bub-
ble of N; in the region of the platinum grounding
lead. When almost all the water was gone from the
column, the bushings were screwed in to make the
seals against the circular glass openings.

6. Measurement Procedure

The following describes (1) tests which show that
the absorbed dose measurements were made in the
absence of convection, (2) a series of radiation runs
resulting in increasing temperature gradients and
temperature drifts, and (3) a method of rapid
restoration to equilibrium.
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Fig. 19. Illustrative method of gas saturating the HPW, which
was then transferred to and sealed in the shown thin-wall glass
tube. The drawing is not to scale.

Figure 20 shows results of absorbed dose rate
measurements as a function of thermistor power.
The uncertainties are the experimental standard
deviations of the mean for the number of indicated
measurements. Reference [21] describes convective
velocity effects on an electrically insulated thermis-
tor (0.25 mm in diameter) in water, free of convec-
tive barriers. It was shown that convection began
around the heated thermistor when the electrical
power was about 50 wW. Its measured temperature
rise per pW of power was 1.41 mK. Therefore, con-
vection began when its temperature rise was about
70 mK. The threshold of convection also will de-
pend on thermistor size [12] and details of con-
struction. The two temperature probes used in the
present investigation had measured temperature
rises of 1.33 mK and 1.53 mK per pW of power.
Therefore, convection would begin when the aver-
age thermistor power would be raised to about 50
W in water free of convective barriers. But the
probes were mounted within the glass tube (Fig. 3)
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Fig. 20. Absorbed dose rate mecasurements as a function of
thermistor power.

where its wall was a convective barrier. It is uncer-
tain if this barrier raises the electrical power at
which convection begins. Therefore, in the opera-
tional procedure it is safer to assume that the wall
has no effect, for this case, and to use power levels
significantly below 50 wW. Although Fig. 20 shows
that there is no significant difference in the mea-
surements up to 100 pW, the maximum power used
was 30 uW. This is significantly below the
threshold of 50 wW at which convection begins
around a thermistor as described above. Many of
the absorbed dose measurements were made at 9
pW. The range of powers from 9 uW to 100 pW
caused the thermistors to rise to average equi-
librium temperatures of 13 mK to 143 mK above
the background water temperatures, while the tem-
perature rise during irradiation caused them to rise
an additional temperature of only about 0.5 mK
(shown below). Therefore, slight disturbances of
the equilibrium temperatures caused by irradiation
produced convection (if present) would have re-
sulted in significant changes in the measurements
as a function of thermistor power.

Figure 21 is a typical series of radiation runs.
Time increases from right to left. A small initial
heating drift was allowed. This permitted five runs
to be made in a series of runs where the drifts were
small. The ®Co beam produced a dose rate of
about 1.8 Gy/min. The spikes shown are caused by
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Fig. 21. Typical consecutive runs showing measurement parameters and changes in tem-
perature drifts as a result of heat conduction caused by collimated beam irradiation. Time

increases from right to left.

the heating and manual adjustments in the bridge
balancing resistor, R. The duration of the runs was
varied around 70 s to produce a temperature rise of
only about 0.5 mK. The runs were analyzed in the
usual way by extrapolating the initial and final drift
to the mid-run, and determining the offset by cali-
brating the chart deflection from a known resis-
tance change in R. A computer calculated the
resistance value of R that would rebalance the
bridge.

The first three temperature drifts are essentially
unchanged. The fourth drift shows a small but sig-
nificant change. The fifth drift shows a slight cool-
ing, followed by the sixth drift, which shows
significant cooling. This typical behavior is a result
of outward conduction of heat from the penumbra
of the collimated square beam, approximately 145
mm at the 50 percent dose level. Initially, the ther-
mistors did not sense the outward flow of heat.
Each thermistor had an electrical power dissipa-
tion of 30 wW, which caused an equilibrium tem-
perature rise of 40 mK in thermistor 1 and 46 mK
in thermistor 2. Superimposed on these tempera-
ture rises were the 0.5 mK temperature rises as a
result of beam irradiation. The results shown in
Fig. 20 and the predictable behavior of the succes-
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sive drifts shown in Fig. 21 are indications that the
glass wall is an effective convective barrier against
external convection and that it is unnecessary to
operate the calorimeter at 4 °C [11].

The drift balancer circuit shown in Fig. 4 can
balance out large drifts. But generally, large tem-
perature gradients within the calorimeter should
be removed and equilibrium restored. Equilibrium
was restored after eliminating the temperature gra-
dients by circulating the once-distilled water shown
in Fig. 1 (in most cases this circulating procedure
was done after only two consecutive runs). The wa-
ter was slightly heated with the immersion heaters
and circulated with an aquarium pump, which
forced air to rise along the four vertical corners of
the acrylic container. After several minutes the
pump was turned off and the water gradually be-
came stagnant. The drift continued because of a
temperature difference between the circulated wa-
ter and that within the glass container. The heating
or cooling drift gradually became smaller as con-
duction continued, and within approximately 20
min (depending of the initial temperature differ-
ence) the drifts were small enough to continue an-
other series of runs. Approximately 40 runs could
be made in a period of 5.5 h.
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7. Results of Absorbed Dose
Measurements

7.1 N;-Saturated Results

All measurements refer to a linear depth of 5 cm
and were normalized to a particular date to correct
for ®Co decay. Slight corrections normalized the
measurements to a calorimeter operating tempera-
ture of 22,0 °C, where the density of water is 0.9978
g/em’. The specific heat capacity of water at this
temperature was taken to be 4.1808 J/(g-°C) [22],
which is assumed to be the same for air-saturated
and air-free water [23]. A small estimated correc-
tion (mentioned below) was made for the effect of
the thin glass wall.

Figure 22 shows the number of daily measure-
ments with the first water filling irradiated with an
accumulated absorbed dose of 2.9 kGy. Measure-
ments were made on 14 d over a time period of 58
d. The vertical and horizontal bars indicate, respec-
tively, the standard deviations of the mean and the
accumulated absorbed dose. It is assumed that the
variations shown are statistical. On the first day
there was an initial variation, which was not notice-
able on subsequent days. The first measurement
was about 6.5 percent higher than those after the
7th run (accumulated absorbed dose of about 20
Gy), where the measurements thereafter appeared
to show statistical variations. This was the same
general type of behavior observed on the first day
of measurement after other water fillings, de-
scribed below. The initial measurements showed
exothermicity, which rapidly vanished and were ig-
nored, as discussed below.

On some days, measurements began with a group
of measurements followed by continuous un-
recorded irradiation from 30 min to 3 h and then
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Fig. 22. Results of 14 d of measurements of absorbed dose rate
vs accumulated absorbed dose in the first N,-saturated water
filling. The numbers indicate the number of measurcments
made on a day. There were 58 clapsed days from the first to the
last day of measurement.
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repeating the measurement cycle. On other days,
the first two steps were reversed. On a few days
only measurements were made. The numbers
shown in Fig. 22 indicate a total of 484 measure-
ments. The average of the 14 daily average values is
shown as the first point in Fig. 23. The experimen-
tal standard deviation of the mean of the 14 aver-
age values is 0.07 percent.
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Fig. 23. Results with five different N;-saturated water fillings.
The average result is indicated (SW) and compared with results
determined with other calorimeters: PW (polystyrene-water),
GW (graphite-water), and G (graphite).

The water in the glass container was discarded
and filled four other times. Figure 23 shows the
average results of the daily measurements. Initial
variations were again observed on the first day of
measurement, after the second, third, and fourth
filling. After the second filling, the first measure-
ment was about 5.5 percent higher than those after
the 12th run (accumulated absorbed dose of about
34 Gy). After the third filling, the first measure-
ment was about 7 percent higher than those after
the sixth run (accumulated absorbed dose of about
10 Gy). After the fourth filling, the first measure-
ment was about 3.5 percent higher than those after
the second run (accumulated absorbed dose of
about 5 Gy). After the fifth filling, the calorimeter
was pre-irradiated for 45 min (accumulated ab-
sorbed dose of 70 Gy). Subsequent measurements
showed only statistical variations.

For the second, third, and fourth fillings, Fig. 23
shows three average results from measurements
made on three days with each of those fillings. The
average of each of those three values (for a particu-
lar filling) was assigned as a single value for that
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filling. The average of the five values is 1.814 Gy/
min, which is indicated as SW. The standard devia-
tion of the five averages is 0.27 percent, which
indicates the reproducibility of measurements with
the water fillings. This is in good agreement with
the 0.25 percent standard deviation determined by
Schulz et al. [17], who used a similar water purify-
ing system and saturated the water with high-purity
nitrogen.

Figure 23 shows results of comparable absorbed
dose determinations converted to water as mea-
sured with a polystyrene-water (PW) calorimeter
[7] shown in Fig. 24, a graphite-water (GW)
calorimeter where the schematic detector details
are shown in Fig. 25, and a graphite (G) calorime-
ter [24] shown in Fig. 26. Measurements with the
PW and GW calorimeters were converted to ab-
sorbed dose to water by use of the mass energy-
absorption coefficients. Conversion of the G
calorimeter measurements is described by Pruitt et
al. [25]. The estimated combined standard uncer-
tainties of the measurements with the PW, GW,
and G calorimeters are 1.1 percent, 0.7 percent,
and 0.6 percent, respectively.

The PW result is based on the specific heat ca-
pacity of polystyrene, which was calculated from an
empirical equation [26]:

¢ =(104.15)7" (7.7551:10° T2

+0.53447 T — 41.58) J/(g'K), (6)

where T is the absolute temperature. One mole of
polystyrene =104.15 g.
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Fig. 24. Essential features of the absorbed dose polystyrene-wa-
ter calorimeter. The “adiabatic” power controller permits a po-
tential to be applied across the electrodes so that in the vicinity
of the 10 mm thick polystyrene disks the rate of temperature rise
of the water, as a result of electrical power and beam irradia-
tion, is as nearly as possible the same as that of the disks.
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Fig. 25. Essential features of the detector assembly for the ab-
sorbed dose graphite-water (GW) calorimeter.

Recently, accurate measurements were made of
the specific heat capacity of polystyrene [27] of
sample pieces cut from a different slab, 50 mm
thick. The result was 2.0 percent higher [8,27] than
that calculated by the use of Eq. (6). The resuit
determined with the GW and the G calorimeter do
not depend on knowing the specific heat capacity
of graphite, because the temperature responses of
those calorimeters are electrically calibrated.
Therefore, these two results are considered to have
less uncertainty than that determined with the PW
calorimeter; and although this latter result is in
reasonably good agreement with the three others
shown, it is not included with the calorimetric cali-
bration of the ®Co source.

Other comparisons of absorbed dose to water
standards (calorimetric, Fricke dosimetry, and
ionometric) are generally in agreement to about 1
percent. These are reported in Refs. [28-31].

7.2 H,-Saturated Results

Figure 27 shows the results obtained with five
fillings of water saturated with hydrogen. In nearly
all cases, each point is the average of 32 measure-
ments made in a day. The uncertainties are
experimental standard deviations of the mean.
Measurements for the first filling were made on 14
d. Measurements for the second, third, fourth, and
fifth fillings were made on 8 d. The accumulated
absorbed dose for each filling was about 1.25 kGy.
Daily measurements began with or without a 30
min, 45 min, or 90 min pre-irradiation. On some
days, a continuous irradiation period of 45 min or
90 min was applied after measurement No. 16
(midway of a daily set of measurements). In con-
trast to the No-saturated water, the initial measure-
ments in the Hy-saturated water showed little or no
initial exothermic effect.
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Fig. 27. Daily averages of absorbed dose rate measurements
with five fillings of water saturated with H,.

A single value for each filling was calculated as
the average of the points shown for that filling in
Fig. 27. The results are shown in Fig. 28. The aver-
age value and the experimental standard deviation
of the mean was calculated for those five points
and are shown in Fig. 29. The results with the Hs-
and N-saturated water are in good agreement and
within the uncertainties. The 0.13 percent differ-
ence is in good agreement with, and in the same
direction as the 0.3 percent difference reported by
Klassen and Ross [20].
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Fig. 28. Average results of the five fillings saturated with H,.

7.3 H;/0O,-Saturated Results

Figure 30 shows the results with mixtures of
Hy/O, and compared with the H, result (from Fig.
29). The 2.4 percent exothermic effect is that re-
ported [20] for saturating “high-purity” water with
equal flow rates of H, and O,, and where there was
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with mixtures of HyO, and comparison with the H-saturated
system.

a large volume of those gases above the surface of
continuously circulated water. The absorbed gases
were quickly distributed throughout the water to
keep their concentrations (and chemistry during ir-

139

radiation) relatively constant. This is a different
and relatively open system compared to the closed
system described in this paper where only a small
bubble of the gas remained in the glass detector
assembly (Figs. 1 and 3) containing the stagnant
water, a necessary requirement for measuring ab-
sorbed dose at a position. In such a system, the
H,/O; concentrations (and chemistry) change dur-
ing irradiation.

In Fig. 30, the first filling shows that the initial
exothermic effect is in the region of 2.4 percent,
but increases further. The second filling shows a
constant exothermic effect near 2.4 percent. The
third filling shows the same general behavior as the
first filling. The fourth filling has the same initial
exothermic effect, but increases more slowly before
showing a decrease. The fifth filling shows an ini-
tial exothermic effect of about 3 percent that in-
creases slightly before slowly decreasing to about
2.4 percent at an accumulated absorbed dose of 1.2
kGy.

Subsequent to the measurements, a theoretical
calculation was made for the Hy/O; closed system
described as a function of accumulated absorbed
dose and for different concentrations of the Ha-
and O»-saturating gases [32]. Subsequently, the gas
flow rates measured with rotameters (Fig. 19) were
checked with a more accurate method by use of a
mass flowmeter [32] and by measuring the rate at
which the gases displace a known volume of water.
The flow rates as measured with the rotameters
were significantly different. The tests showed that
the detector assembly was saturated with a variable
preponderance of H, in the five fillings for the
measurements of absorbed dose. The measured re-
sults as shown in Fig. 30 are, therefore, in general
agreement with theory.

In retrospect, it was fortunate that the water was
not saturated with equal flow rates of H; and O,
because a preponderance of H, “magnified” the
variation of the heat defect with accumulated ab-
sorbed dose. The measurements, therefore, ini-
tiated the theoretical calculations [32] which led to
the general conclusion that the closed H,/O,-satu-
rated system is not recommended as a standard for
measuring absorbed dose in stagnant water.

8. Corrections and Uncertainties

Negligible uncertainties were assigned to the fol-
lowing: (1) the specific heat capacity of water [22];
(2) measurements of source-detector distance and
the 5 cm linear depth from the water surface to the
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horizontal plane where the thermistors were lo-
cated, because of the uncertainty (~0.02 percent)
in the optical sighting and the micrometer mea-
surements; (3) measurements of the thermistor
sensitivities; because of the reproducibility of their
values before and after the experiment (from Table
1) and because the average of those values were
used in the analysis; (4) beam exposure timing; and
(5) excess heat generated in the temperature
probes, because of the calculated heat flow analy-
sis.

Ionization measurements in a water phantom
showed that the aluminum foil and expanded
polystyrene of the calorimeter lid decreased the
measurements by 0.34 percent. This correction was
made and a 0.05 percent uncertainty of one stan-
dard deviation was assigned. The effect of the thin
glass wall was to cause the measurement depth to
be slightly greater than if the wall had been “water
equivalent.” A rough estimate based on ionization
measurements and a simple geometry showed that
the absorbed dose measurements had to be cor-
rected by an increase of about 0.14 percent. A 0.1
percent estimated uncertainty was assigned.

The most difficult correction and uncertainty to
assign is that related to the heat defect, if any. Fig-
ure 29 indicates that the difference of 0.13 percent
is not significant for the N system, even though the
measurements and theoretical calculations show
that the H, system is cleaner. The N, system
showed significant initial exothermic effects after a
filling, which was not observed or relatively small
for the H; system. Also, there is good agreement
with measurements made with the G and GW
calorimeters, which have no heat defect. No cor-
rection is applied to the H; system, but a 0.3 per-
cent heat defect uncertainty is assigned. Table 2
lists the standard uncertainties with the H; system.
The combined standard uncertainty is 0.4 percent.

Table 2. Uncertainties with the H; system

9. Conclusions and Future Plans

Based on the measurements and theoretical cal-
culations, it appears that the Hy-saturated system is
the best practical choice in eliminating the heat de-
fect in water. The flow rate of the gas need not be
accurately known so long as there is an abundant
supply (roughly about 30 cm?/min) bubbling
through the water column such as shown in Fig. 19
for about 40 min. Measurements and tests indicate
that the design of the calorimeter is sufficient for
operation at room temperature.

Future plans are to significantly improve the op-
erational efficiency by increasing the rapidity of
making successive irradiation runs. This can be
done by decreasing the time from the moment the
water circulation is turned off to the time that the
temperature drift is sufficiently small to start an-
other irradiation run.

The motion and variation in temperature of the
water in the region of the detector assembly was
studied during the calibration of a thermistor re-
moved from the glass container. Therefore, its re-
sponse to the motion and temperature of the water
was essentially instantaneous. About 10 min was
required for the motion to subside. During this pe-
riod there was a heat exchange between the water
and its surroundings. This caused the water to be
not strictly uniform in temperature. The variations
in temperature could be significant compared to
the small temperature rises during irradiation. It is
required that the glass container be surrounded by
motionless water so that if there is a temperature
difference between that water and that within the
container, heat conduction will take place to re-
duce the drifts to sufficiently small and predictable
values during the irradiation period.

The above would require (1) a means for quickly
stopping the motion of the water around the detec-

Estimated standard uncertainty (%)

Source Statistical, s; Other, p;
(degrees of freedom, v;)
Heat defect 03
Reproducibility of measurement groups (Fig. 28) 0.15 (4)
Beam attenuation from glass wall 0.1
Beam attenuation of calorimeter lid 0.05 (5)

Combined standard uncertainty = V2s7 + 2p? =0.4%
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tor assembly after circulation, and (2) that the cir-
culated water (immediately after power turn off) is
essentially at the same temperature as that of the
stagnant water in the detector assembly. The
means for (1) would simply be a thin horizontal
baffle positioned at some distance below the detec-
tor assembly and attached to its two supports (Fig.
1) and to investigate if the baffle does not signifi-
cantly interfere with the water circulation. The
means for accomplishing (2) is by making a slight
modification in the Wheatstone bridge shown in
Fig. 4. During circulation, a switch would replace
R’ with a thermistor (not shown) in the circulated
water, and replace thermistor 1 with a resistor. The
bridge would then respond to temperature differ-
ences between the two bodies of water. This would
indicate if the circulation needed to be continued
or the water slightly heated with the immersed
heaters (not shown) to produce a bridge null condi-
tion. This would reduce the time for the final drift
to subside to small values.

10. Recommendation

A recommendation pointed out in Ref. [4] needs
to be repeated concerning protection against signif-
icant variations in ambient temperature. Although
this was not the case during the measurements, a
structure was built for that purpose. It is a four-
sided acrylic structure having an expanded
polystyrene lid with a polyethylene film covering
the beam entrance window. A temperature sensor,
heater, and fan were mounted on an inside wall.
The circulated air was controlled to about 0.02 °C
and set to match that of the water in the calorimeter.
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The planar near-field measurement
technique is a proven technology for
measuring ordinary antennas operating
in the microwave region. The develop-
ment of very low-sidelobe antennas
raises the question whether this tech-
nique can be used to accurately mea-
sure these antennas. We show that data
taken with an open-end waveguide
probe and processed with the planar
near-field methodology, including probe
correction, can be used to accurately
measure the sidelobes of very low-side-
lobe antennas to levels of —55 dB to
—60 dB relative to the main beam
peak. A special probe with a null in
the direction of the main beam was
also used for some of these measure-
ments. This special probe reduced some
of the measurement uncertainties but

increased the uncertainties due to
probe-antenna interactions. We discuss
the major sources of uncertainty and
show that the probe-antenna interaction
is one of the limiting factors in making
accurate measurements. The test an-
tenna for this study was a slotted-
waveguide array whose low sidelobes
were known. The near-field measure-
ments were conducted on the NIST
planar near-field facility.
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field; low-sidelobe antennas; planar
near field.
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1. Introduction

This paper describes the efforts of several groups
of scientists and engineers to determine the side-
lobes of a very low-sidelobe array antenna using
the near-field technique and to quantify the uncer-
tainties. More than 20 years ago the National
Institute of Standards and Technology (then the
National Bureau of Standards) [1-3] and other
laboratories [4] developed the theory and basic
measurement methods for using the planar near-
field (PNF) technique to determine the far field of
antennas. Newell and Crawford [5] compared the
far fields of array antennas obtained using near-
and far-field measurement techniques. This com-
parison indicated that there was good agreement
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between the directly measured far field and the far
field as determined using the near-field technique.
Nevertheless, little has been reported on the effec-
tiveness of using the near-field technique to deter-
mine the far-field patterns of a very low-sidelobe
antenna.

In Sec. 2 we describe the experiment, including
a description of the array, the design of a special
probe, and a description of the near-field measure-
ment facility. Section 3 describes the diagnostic
tests and Sec. 4 describes the final measurement
results. In Sec. 5 we evaluate the uncertainties. In
Sec. 6 we discuss possible future research. Finally,
in Sec. 7 a summary is given.
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2. Design of Experiment
2.1 Purpose of Experiment

This experiment had three objectives. The first
was to determine whether the PNF technique could
be used to accurately measure low-sidelobe arrays.
In order to determine this, two low-sidelobe arrays,
the Ultra-Low-Sidelobe Array (ULSA) and the
Airborne Warning and Control System Array
(AWACS), were measured using the PNF tech-
nique.

Second, we wanted to show that the PNF analy-
ses of Yaghjian [6] and Newell [7] were applicable
to low-sidelobe arrays. We did this by purposely in-
ducing certain errors in some of the measurements
and comparing their measured effect with the effect
predicted by theory. We also estimated the total ex-
pected uncertainties for this experiment. By com-
paring the final far field determined from the PNF
technique to that determined using the far-field
technique, we show that the differences are within
what is expected from these analyses.

Finally, we investigated methods of reducing the
effects of uncertainties. In particular, we showed
that a difference (A) probe with a null in the direc-
tion of the main beam of the antenna under test
(AUT) can be used to reduce the effects of some
uncertainties.

2.2 Description of the Arrays

An S-band ULSA was used as the primary test
antenna for this project. This antenna consists of
eight equal-length slotted waveguides, fed at one
end by a resonant waveguide manifold and termi-
nated at the other end by high quality matched
loads. The waveguide feed manifold has eight iden-
tical slotted T-junctions, fed in groups of four from
each end of the vertical manifold waveguide which
has a short circuit at its center. As illustrated in
Fig. 1, the ULSA has a rectangular aperture
(4.8 mx0.4 m), and is designed for a —60 dB
Chebyschev azimuth pattern with uniform illumina-
tion in elevation.

Fig. 1. The ULSA array.
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An azimuth pattern, measured in 1978 at 3.025
GHz on a far-field range, is shown in Fig. 2. In this
pattern, we note three things: (1) the main lobe is
squinted off normal (toward the feed end) by an an-
gle of —13% (2) there is an anomalous lobe at + 44°
about 31 dB below the main beam; and (3) the
wide-angle sidelobes are well below —50 dB. After
the array was refurbished for this project in 1983,
the azimuth pattern was measured on the far-field
range at 3.0 GHz (Fig. 3). Comparing Fig. 2 with
Fig. 3 shows good agreement particularly in terms

-10

0
o

&
S

Amplitude in dB

|
»
(]

-50

A n/\

-84 72 -60-48 -36 -24 -l12 O 12 24 36 48 60 72 84
Azimuth in deg

Fig. 2. Azimuth plane pattern of the ULSA taken in 1978 at
3.025 GHz.

of the wide-angle sidelobe levels. In 1989, NIST
measured the ULSA pattern at 2.9 GHz, 3.0 GHz,
and 3.1 GHz. We will discuss these results in Sec. 4.

The AWACS, which NIST measured in 1984, was
built as an engineering prototype model. It has
the same aperture dimensions (approximately
7.6 mx 1.5 m) and number of edge-slotted waveg-
uides (28) as the production antennas, but uses
manually driven (“trombone”) phase shifters in-
stead of the electrically controlled phase shifters to
control the elevation pattern. The sidelobes in the
azimuth pattern are actually slightly lower than
those finally designed into the production antennas.
These patterns cannot be shown because they are
classified. However, we performed an analysis on
these data and the uncertainties are approximately
the same as those for the ULSA measurements.
Figure 4 is a photograph of the AWACS array
showing it mounted on the NIST PNF range.

The main beam radiated by both the ULSA and
the AWACS is not normal to the array face, but is
squinted toward the feed end by an angle of [8]

ing = _ A
sm0—2S A’ 1

where A is the free space wavelength, S is the slot
spacing, and A, is the guide wavelength. If we substi-
tute for A for the TE;,» mode using the results of
Silver [9], we can rewrite Eq. (1) as

6=sin"! [% — sin (cos'1 (%)) ], )
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Fig. 3. Azimuth plane pattern of the ULSA taken after refurbishment at 3.0

GHz.
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where a is the inside wide dimension of the waveg-
uide. With this expression, we can predict the
squint angles for the ULSA array, using a =7.214
cm and § =5.32 cm, yielding squint angles of 12.7°
at 3.0 GHz and 9.7° at 3.1 GHz, respectively. Simi-
larly, we can predict the squint angles of the
AWACS using a =5.817 cm and § =4.55 cm.

The near-field scanning tests were then per-
formed for fixed-beam steering directions in accor-
dance with the selected cw test frequency. When we
scanned with the A probe we steered the probe pat-
tern null to be coincident with the test array squint
angle at each test frequency. The use of such a
probe and its design is described next.

2.3 Design of the Difference Probe

Huddleston has shown that an optimum probe
pattern can minimize uncertainties in the measured
test antenna spectrum due to truncation of a finite
scan plane [10]. The Huddleston probe has a pat-
tern of increasing directivity for conditions of de-
creasing scan plane area. For a particular planar

scanning geometry, the optimum probe concen-
trates the received power within the available near-
field sampling grid; that is,

I 1 iey)P dedy =Po(1— €2y), 3)
where vi(xy) is the scan plane voltage, P, is the
total power radiated into the forward hemisphere,
and e, measures the concentration of |v.(xy)[*.

The fractional power not concentrated by the
probe over the finite scan area is Pye%,. Upon trans-
form, the measured coupling product will be an
aliased version of the true spectrum. The magni-
tude of the difference between the aliased and true
spectra has a maximum uncertainty of

Kx max kymax
P()€2
AL —AL) dk, dk, = =2 (4
e by I L L' y (2,”)2 ( )

where |kima| = 7/8;, & is the x sampling increment,
|kymar| = /8, 8 is the y sampling increment, A; is

Fig. 4. The AWACS array.
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the true spectrum, and AL’ is the measurement esti-
mate of Ar.

Huddleston probes minimize Poe’, by radiating
with higher directivity as the ratio of test antenna
area to scan plane area approaches 1. For low-side-
lobe antennas, we can extend the optimum probe
concept by requiring that Eq. (4) apply only over
the test antenna’s sidelobe region. This leads to an
expression for a near-field scan voltage, based on a
band-limited version of the reaction integral written
by Joy, as [11]

V(x,y)=J_: I: [k x

(Bw)le 7%= elikxtit) dk, dk; , 5)
where w is a spectral windowing function to be im-
posed on the coupling product spectrum via the
probe’s far-field pattern. For usual broad beam
open-end waveguide probes, W(k;, k,)=1, and the
coupling product spectrum A - (Bw) is band limited
only by the high attenuation of the evanescent
modes on the scan plane; that is, 4 - (Bw) — 0 for
k. = [1—-(k/k)* — (ky/k)*T* and |z] > A.

However, if w is an intentional stop band in the
probe pattern (that is, a null region), then the near-
field coupling product spectrum will be band lim-
ited by both evanescent cutoff as well as real angle
filtering. The ideal probe pattern weighting func-
tion for sidelobe testing is then given by

W(ke,ky) =1 if ke < |Key| <Komas, ymaxs Sidelobe

=0 if 0 < |kyy| <k, mainbeam (6)
and is sketched in Fig. 5. This pattern is not realiz-
able for any practical small aperture probe, but a
useful approximation has been designed and built
by combining the anti-phased outputs of two
collinear waveguide elements. This probe has been
called the difference or A probe. In-phase
combining of elements produces a sum or 3, probe.

|deal

/

Approximate R
| S(K)|

-~

T
Ke O K¢

-Kmax Kmax

Fig. 5. The ideal probe pattern.
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Figure 6 shows one of three two-element probes
built for this project, and Fig. 7 shows a contour plot
of this probe’s measured far-field azimuth pattern
at 3.1 GHz. The shifted null is accomplished by
physically steering the A-probe by an appropriate
angle or by using unequal cable lengths between the
transition of each waveguide element and an inte-
gral coaxial hybrid coupler mounted on the probe
carrier plate. The waveguide elements for the probe
of Fig. 6 were spaced horizontally by 4.8 cm (0.5 A
at 3.1 GHz). The unequal length cables to the hy-
brid combiner provided a fixed null shift coincident
with the test array’s mainbeam pointing direction.
More commonly, the null coincidence was main-
tained by mechanically rotating the probe carrier
plate to fixed null pointing directions and then us-
ing equal length cables to the hybrid. Of course, we
must measure two-dimensional vector probe pat-
terns for all probe-frequency combinations prior to
near-field scanning.

2.4 Description of the Measurement Facility

A typical near-field measurement system can be
conveniently discussed in terms of three subsys-
tems: (1) computer, (2) rf source and receiver, and
(3) mechanical scanner and probe positioner. A
great deal of variety is possible for each of these
subsystems. We will describe only the essential fea-
tures of each subsystem used at the NIST PNF mea-
surement facility.

2.4.1 Computer Because of the large amounts
of data involved, computer control of the measure-
ment system is essential. In the NIST measurement
facility, a special purpose microcomputer is used as
the position controller. The position controller re-
ceives digital inputs from the x-y position encoders
(in this case a laser interferometer), controls the
motor drives moving the probe, and triggers the re-
ceiver to perform measurements at predetermined
points. The NIST facility also has a minicomputer
which records the data on a data storage device, (ei-
ther magnetic tape or hard disk), monitors the re-
ceiver and position controller for errors, and
performs some of the data analysis during the diag-
nostic tests. A mainframe computer (1983) or 386
PC (1989) is used for the bulk of the data analysis,
especially the two-dimensional FFT.

2.4.2 RF System The basic components of the
if system are shown schematically in Fig. 8. They
are: the transmitting and receiving antennas, isola-
tors, mixers, variable attenuator and phase shifter,
receiver, and synthesizer (signal source). The signal
source must be stable in frequency and power level
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Fig. 7. Contour plot of the A probe azimuth pattern.
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Fig. 8. Rf measurement system schematic.

to minimize its contribution to measurement uncer-
tainty. Generally, a frequency stability of a few parts
in 10° and amplitude variations of less than 0.1 dB
over the total scan time are adequate. Tie scans can
be used to correct for small amounts of drift which
are on the order of a few degrees in phase and a few
percent in amplitude over the total scan time. The
source power output requirements depend on the
gains of the AUT and the probe as well as the mixer
sensitivity. The maximum magnitude of the near-
field amplitude |bo’ (P)|max is approximately given by

b0’ Pmax=*(G/Ga) |aol’, M
where G, and G, are respectively the probe and
AUT gains, and ao is the input amplitude to the
transmitter. To reduce noise for the low-sidelobe
measurements, by’ (P)|max should be at least 65-70
dB above the noise but also be low enough to be
within the linear range of the mixer. When the
probe is cross polarized to the AUT, the maximum
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signal drops to about 30 dB below the maximum sig-
nal of the co-polarized case. It is desirable for the
cross-polarized maximum signal to be of the same
order as the co-polarized maximum signal. This can
be achieved by increasing ao, by increasing the re-
ceiver gain, or by some combination of the two.

A critical requirement of the source, and in fact
for the complete rf system, is that it be well
shielded. Signal leakage from the source, transmis-
sion lines, and input components, or signal pick-up
by similar parts of the receiving system can cause
significant measurement uncertainties in the near-
field amplitude and phase. Tests must be per-
formed to guarantee that the whole system is well
shielded and that signals can only be transmitted
and received via the AUT-probe transmission path.

The receiver is a very important part of the mea-
surement system and must accurately measure the
near-field amplitude and phase of the rf signal over
a dynamic range of at least 80 dB. It must be stable
over the time required for near-field scanning,
which may be hours, and have good linearity and
resolution in its conversion from rf signal to digital
output.

2.4.3 Mechanical Scanner and Probe The me-
chanical scanner or probe positioner consists of the
supports, guides and drive motors to move the
probe over the planar area, the encoders to mea-
sure the probe position, and the rf transmission line
to couple the probe output to the receiver. The
“box frame” design of the NIST scanner, Fig. 9, was
one of the first PNF range designs. A large, rigid
frame, constructed from metal I beams, serves as
the base and support for the two horizontal guide
rails. Both rails are precision ground, stainless steel
cylinders supported at intervals of about 30 cm. Pre-
cision linear ball bearings attach the vertical column
to the horizontal guide rails. The box frame re-
quires additional support to maintain a rigid verti-
cal structure. This is accomplished by attaching it to
a stable interior wall.

At the NIST facility an auxiliary linear translator
has been attached to the AUT to extend the effec-
tive measurement area, as shown in Fig. 10. The es-
sential requirement of this linear translator is that
the translation be precisely known and controlled to
correctly combine different segments of the mea-
surement plane. Also, to correctly combine these
different segments there should be some overlap
between them. By comparing the amplitude and
phase of the overlap regions of the different seg-
ments, we can correct for both amplitude and phase
drift between segments.
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Fig. 9. Box frame planar scanner.
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Fig. 10. Schematic of antenna in three positions relative to the
scanner.

A common concern in any scanner is to ensure
that the rf transmission line between the probe and
receiver move without causing significant amplitude
or phase change in the measured data. At the NIST
facility, the transmission line is supported on a scis-
sors-arm mechanism so that rotation is of concern
at only three joints. We use service loops of semi-
rigid or flexible coaxial cable at these three points
to produce a stable transmission line.

3. Preliminary Tests

Several preliminary, one-dimensional tests are
performed to determine the required near-field
spacing, required scan size, the best value of the
probe-antenna separation distance, and to deter-
mine the level of the leakage and reduce it if neces-
sary. These tests can also be used to estimate some
of the measurement uncertainties. However, two-
dimensional tests (described in Sec. 4) provide bet-
ter uncertainty estimates since one-dimensional
tests assume that the pattern is separable into func-
tions of X and Y. Usually, this is only approximately
true.

3.1 Test Space

The test space procedure is used to determine
the required near-field spacing. It consists of taking
one-dimensional scans in X and Y with very fine
spacing (=0.05 A). First an FFT is performed on
the full set of data, then using only every other
point, then using every third point, and so forth.
From this, the far-field spectra from various spac-
ings can be compared. The smallest spacing is as-
sumed adequate and when the spacing from the
other FFTs is so large that the spectrum changes by
more than the desired accuracy a spacing equal to
or smaller than the next smallest spacing is chosen.

From these one-dimensional tests we concluded
that the spacing between near-field data points
should be about 0.4 A, in both X and Y, where Ay,
is the wavelength at the highest measurement fre-
quency.

3.2 Test Scan

The test scan procedure is similar to the test
space procedure in that one-dimensional centerline
scans in X and Y are performed. In this case, very
long centerline scans are performed, and data are
truncated from the edge in various amounts. As in
the test space procedure the computed spectra are
compared and a required scan length determined.
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The choice of scan area was 10.4 m in X by 3.8 m in
Y.

3.3 Multiple Reflection Tests

A Z-multiple-reflection test, where data are
taken as a function of Z at several fixed X and Y
values, is performed. A separation distance is cho-
sen to minimize the peak-to-peak variations as a
function of Z. From these tests the probe-antenna
separation distance was chosen to be 65 cm for the
ULSA and 35 cm for the AWACS.

A second multiple-reflection test is designed to
estimate the effects on the far field of multiple re-
flection interactions between the probe and AUT.
The test is implemented by taking centerline scans
in both X and Y at several different separation dis-
tances (see Fig. 11). Consecutive separation dis-
tances differ by A/8. One of these separation
distances is equal to the separation distance deter-
mined using the first Z-multiple-reflection test.

An FFT is performed on the centerline scans to
obtain a one-dimensional far field; these far fields
are averaged together after correcting the phases
for the different separation distances. This average
is then subtracted in a complex manner from each
one-dimensional centerline-scan far field to esti-
mate the magnitude and character of the multiple
reflections. Additionally, the average far field can
be transformed back to the near field to obtain an

Scan Plane

Antenna Under
Test

bé(x,o.zoq. 8
X
‘§ Probe
Y

average one-dimensional near field. This average
can be subtracted from the individual centerline
near-field scans to obtain the near-field character
of the multiple reflections. The gain and one-di-
mensional patterns can be compared and the uncer-
tainty due to multiple reflections estimated.

Sample results are shown in Figs. 12-15. Surpris-
ingly, the character of the multiple reflections bears
some resemblance to the average far-field pattern.
We also find that there are two different periods in
the near-field amplitude and phase multiple reflec-
tions. The predominant period is twice the spacing
between elements and corresponds to the spacing
between elements of the same slant direction (every
other element). This period is clearly visible in Figs.
14 and 15. The second period corresponds to the
spacing between consecutive elements and only be-
comes apparent in the invisible space part of the
far-field spectrum (Fig. 16). Each period produces
distinctive lobes in the computed spectrum. The lo-
cation of each lobe depends on the corresponding
periodicity in the near field. The first lobe is due to
a near-field periodicity of approximately A and oc-
curs in the computed spectrum at |k,/k|=1 (relative
to the main beam direction) or near 6 =90°. The
second lobe is due to a near-field periodicity of ap-
proximately A/2 and therefore occurs in the com-
puted spectrum at |k /k|=2 (relative to the main
beam direction). This is in the invisible part of the
spectrum.

)

Zo - A8
Zo- N4
Z, -3N/8
Zo-N/2

X - Axis Centerline Scans

to Measure Multiple Reflections

Fig. 11. Schematic of centerline multiple reflection tests.
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Fig. 16. Test space far-field spectrum showing multiple reflec-
tion lobes.

3.4 Leakage Tests

Leakage tests are performed by taking centerline
scans with a termination on the receiving side in
place of the probe to test for leakage on the receiv-
ing side and by doing centerline scans with a termi-
nation on the transmitting side in place of the AUT.
The significant sources of leakage were located and
shielded so as to reduce the leakage level to —75
dB relative to the near-field peak.

4. Two-Dimensional Measurement Re-
sults

4,1 Summary of Measurements

Some two-dimensional near-field measurements
were performed with each of the probes. In order to
compare the results and the uncertainties associ-
ated with each probe there was some overlap in
these measurements. These measurements are
summarized in Table 1.

Fewer measurements were performed with the 2
probe. This was because after a few measurements
this probe was found to behave in a manner closely
resembling the open-end waveguide.

Measurements were performed at different dis-
tances to estimate the effects of multiple reflections
between the probe and the AUT.
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Table 1. Summary of two-dimensional near-field measure-
ments
Fre-

quency Open-end
AUT (GHz) Waveguide A b
ULSA 2.9 M,Z=65cm M,Z=65cm
ULSA 30 M,Z=65cm
ULSA 31 M,Z=65cm M,Z=65cm M,Z=65cm
ULSA 31 C, Z=65cm
AWACS F2 M,Z=35cm M,Z=35cm
AWACS F2 (C Z=35cm
AWACS F2 M,Z=375cm M,Z=375cm

A =measurement with difference probe.

3, = measurement with sum probe.

Z =the probe-antenna separation distance.
M =measurement of main component.

C =measurement of cross component.

4.2 Combining Segments

Both the ULSA and the AWACS have long di-
mensions which exceed the capability of the NIST
scanner. It is, therefore, necessary to measure the
near field of both these antennas in segments and to
combine these segments into one near field. As dis-
cussed earlier, the purpose of the linear rails is to
allow the AUT to be moved while preserving an ac-
curate knowledge of the X-position.

In order to combine the three segments accu-
rately we must account for the effects of both ampli-
tude and phase drift. This is accomplished by
requiring some overlap between adjacent segments.
In particular, the measurement was performed with
adjacent segments having an overlap of five scans
which were taken vertically.

A computer program, STITCH, was used to com-
bine adjacent segments using the following tech-
nique. The amplitude and phase of the center
section which contained the near-field peak signal
was used as the reference. The amplitudes and
phases of the adjacent segments were compared to
those of the center segment in the overlap region.
This comparison was done by computing an ampli-
tude ratio and phase difference at each point in the
overlap region. These amplitude ratios and phase
differences were averaged using a weighting which
was proportional to the square of the amplitude.
The amplitudes of each point in the adjacent seg-
ments were corrected by multiplying by the average
of the ratio of the center segment amplitude to the
adjacent segment amplitude. The phases were cor-
rected by adding the average phase difference.
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The amplitude correction was a few percent at
most and the phase correction was a few degrees at
most. A comparison of two typical overlap scans is
shown in Fig. 17.
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Fig. 17. A comparison of two vertical scans from adjacent seg-
ments which overlap, amplitude (top), phase (bottom), scan 1
(solid line), scan 2 (+ + +).

4.3 Room Scattering Test

To estimate the effects of room scattering NIST
developed a room scattering test, SCAT, which
takes advantage of the unique feature of the NIST
facility of being able to move both the AUT and the
probe in the X-direction.

Ideally, to measure room effects one would like
to move the room while keeping the antennas fixed.
This is obviously impractical! Instead, we set up a
test procedure where the antenna and probe were
moved together in the X-direction relative to the
room so that the X-coordinate of the probe with re-
spect to the AUT was fixed. A Y-scan was taken at
each X -position. These scans would be identical if
there were no room scattering. The room scattering
can be estimated by obtaining a single average
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Y-scan and subtracting it from each of the others;
an FFT is then performed on the resulting two-di-
mensional data to obtain an estimate of the room-
scattering far-field spectrum.

The results of the tests indicated that the room-
scattering far field was approximately random (see
Fig. 18) and the peak value was about —70 dB rel-
ative to the peak of the AUT’s far field. The root
mean square (RMS) value of the room scattering
was found to be —89 dB for the open-end waveg-
uide and —94 dB for the A probe.

4.4 Truncation Tests

According to Yaghjian [6] we can estimate an up-
perbound to the uncertainty due to scan plane trun-
cation by performing an integration of the data
along the outside edge of the near-field scan area.
We obtained this spectrum by setting the rest of the
near-field data to zero and performing the usual
FFT. The resulting truncation spectra for the az-
imuth cut are shown in Fig. 19 (for the open-end
waveguide — AWACS combination) and Fig. 20 (for
the A probe-AWACS combination). These plots
are normalized relative to the AUT’s peak far field.
The A probe is on the whole about 7 dB better than
the open-end waveguide. The magnitude of the
truncation spectrum is generally between about 63
dB and 70 dB below the far-field peak for the open-
end waveguide and between about 70 dB and 75 dB
below the far-field peak for the A probe.

4.5 Simulated Position Error

To verify the analysis of Yaghjian [6] and Newell
[7] with respect to position errors some measure-
ments were done to simulate the effects of periodic
Z-position errors. The analysis predicts that Z-
position errors have a smaller effect on the spec-
trum obtained using the A probe than on the spec-
trum obtained using the 2 probe or open-end
waveguide. Four PNF measurement scans were
done for this simulation, two for the X probe and
two for the A probe. Of the two scans for each
probe, one had no errors introduced and the other
had periodic errors purposely introduced. These er-
rors had periods of 2.5 A, 1.67 A, and 1.11 A. The
magnitude of the error for each period can be found
in Table 2. In addition, Table 2 contains a summary
of the spectral location, predicted spectral error,
and the actual measured errors.

Table 2 shows that the measured errors are in
substantial agreement with the predicted. More
important, as predicted by theory, the simulated
position error has a smaller effect on the spectrum
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obtained using the difference probe than on the
spectrum obtained from the 3 probe. Figure 21
compares the far field with and without errors for
the 3, probe, and Fig. 22 is the same comparison for
the A probe. As expected the position errors are
smaller for the A probe than for the 3 probe.

Table 2. Predicted and measured errors due to simulated Z-
position errors

Period Amplitude

Probe

Measured
location Predicted Measured

25 A

1.67 A

1.11 A
25 A

1.67 A

111 M

0.13 mm

0.25 mm

0.38 mm
0.13 mm

0.25 mm

0.38 mm

b

p>

(k./k) AD(dB) AD (dB)
023 9.5 9.5
-0.57 7.9 8.6
0.43 9.6 11.9
-0.77 7.0 8.6
0.73 7.7 8.8
0.23 03 0.2
~0.57 0.25 0.3
0.43 0.3 0.2
-0.77 0.2 0.3
0.73 0.2 0.3
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4.6 Probe-AUT Multiple Reflections

We can obtain a better estimate of the uncer-
tainty due to probe-AUT multiple reflections by
taking a full set of two-dimensional near-field data

at two different separation distances which differ by
A/4. Then we average (in a complex manner) the
two far-field spectra and subtract (again in a com-
plex manner) the average from each of the individ-
ual spectra to obtain a multiple-reflection
spectrum.

The resulting spectrum for the open-end waveg-
uide-AWACS combination is shown in Fig. 23 and
that for the A probe and AWACS is shown in Fig.
24. The multiple-reflection spectrum for the A
probe is 3 dB to 5 dB higher than that for the
waveguide probe. The multiple reflections associ-
ated with the A probe are greater because the A
probe is larger.

4.7 Data Processing

For an arbitrarily polarized test antenna, the
transmitting coefficient for the main and cross
polarizations are given by Eq. (8a) and Eq. (8b).
Since the D' and D" terms are scalar quantities, the
measured far-field polarization of the test antenna
will be determined by the polarization components
of the probe calibration files. If the probe and test
antenna have matched main-polarized components
and the cross-polarized responses of the probe and
test antenna are smail, we then use Eq. (10a) to
obtain the main component of the test antenna.
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Near-field centerline amplitude scans for the
ULSA array as measured by the A probe, the
probe, and the open-end waveguide for a Z-separa-
tion of 65 cm are shown in Fig. 25. The filtering
effect of the A probe is responsible for the compres-
sion of the near-field dynamic range as well as much
of the high-frequency amplitude ripple. Following
FFT processing, we show the corresponding cou-
pling product transforms for the open-end waveg-
uide and the A probe in Fig. 26, plotted over the
real wavenumber space only (| k./k|<1.0). The cou-
pling product for the 2, probe differs little from that
of the waveguide probe and we do not show it here.
The filtering property of the A probe is clearly visi-
ble by noting the reduced main beam and sup-
pressed sidelobes near the main beam. Similarly,
the 3 probe filters the sidelobes at wide angles be-
yond the large anomalous lobe (|k./k| >0.8) but is
accurately measuring the mainbeam region. The
coupling product spectrum can be probe-corrected
to obtain the principal azimuth angle pattern of the
ULSA array. Figure 27 shows the resulting probe-
corrected far field for the waveguide probe at 3.0
GHz.

To certify the measurement uncertainty due to all
random sources, two-dimensional evanescent
scanning tests were conducted with the AWACS
array. Near-field spacings of 3.81 cm ensured that
the coupling product spectrum would extend to
(k7K |, | ky/k]) =1.19 at the selected test frequency,
thus exposing the so-called evanescent spectrum
whenever [(k:/k)*+ (ky/k)*]*°=1. Because all
evanescent antenna modes actually radiated by the

test antenna are attenuated way below the dynamic
range of the PNF instrumentation only a short
distance from the antenna, we do not expect to in-
tercept antenna evanescence during scanning with
any probe at Z =35 cm (3.85 ). Therefore, the
magnitude of the coupling-product spectrum in this
evanescent region is a direct measure of the far-
field noise power.

These evanescent spectra generally show a ran-
dom distribution of sidelobe peaks in the region be-
yond the visible space limits, at or below —80 dB
for the open-end waveguide probe. For the A probe
the spectrum is normalized to the peak of the open-
end waveguide probe; the evanescent sidelobes
have random peaks below —90 dB. However, in
both spectra, the evanescent spectra also contain
distinct sidelobe ridges at about —55 dB (Figs. 28
and 29), which cannot actually be radiated because,
of course, the evanescent PNF are too highly atten-
uated to be measured at Z =35 cm. Therefore,
these evanescent sidelobe ridges must be the result
of undiagnosed periodic scan-plane error —most
probably due to unavoidable periodic multipath in-
teractions. By excluding these ridges, we may com-
pute the RMS over all remaining evanescent
wavenumbers, and compare this spectral noise aver-
age to the peak coupling product mainbeam re-
sponse. Table 3 contains these measured noise
ratios for the AWACS test array. The table shows
that the A probe AWACS signal-to-noise ratios are
better by 12 dB when compared to scanning with a
standard open-end waveguide probe.

-104

-204

i
o}
I

Amplitude in dB

Open-End Waveguide
Sum Probe

_704 ——--— Delta Probe
-80 I T T T T T T T T T
-5.24 -4.19 -3.14 -2.10 -1.0B o] .05 210 3.4 4.9 5.24

X position in m
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Table 3. Predicted and measured signal-to-noise ratios for
AWACS

Signal/Noise ratio Spectral ratio

Probe type Array Measured® (dB) Measured® (dB)
Open-end W/G AWACS 82.2 74.2
Delta AWACS 94.0 89.7

* Excluding correlated evanescent lobe ridges.
® All evanescent space.

5. Measurement Accuracy

We used the mathematical analyses of Yaghjian
[6] and Newell [7] to estimate the uncertainty for
these measurements. These analyses allow us to es-
timate upperbound uncertainties for most of the
possible uncertainty sources of Table 4 (from Table
I in Newell [7)).

The sources of uncertainty listed in Table 4 fall
into two broad categories. The first is uncertainties
in the probe parameters arising from the measure-
ments of the probe’s gain, polarization, and pattern;
second, uncertainties in the calculated spectra due
to uncertainties in the measured near-field data and
various reflection coefficients.
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Fig. 27. Probe corrected centerline far-field pattern for the ULSA.
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Fig. 28. Evanescent spectrum contour plot using the open-end
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Fig. 29. Evanescent spectrum contour plot using the A probe.
Note the ridge at K,/K =1.02.

Table 4. Uncertainty sources in planar near-field measure-
ments

Probe relative pattern

Probe polarization ratio
Probe gain measurement
Probe alignment
Normalization constant
Impedance mismatch factor
Antenna alignment

Data point spacing (aliasing)
Measurement area truncation

PO NN W

Table 4. Uncertainty sources in planar near-field measure-
ments — continued

10. Probe X-Y position uncertainties

11. Probe Z-position uncertainties

12. Multiple reflections (probe/AUT)

13. Receiver amplitude nonlinearity

14. System phase uncertainty
Receiver phase nonlinearity
Flexing cables and rotary joints
Temperature effects

15. Receiver dynamic region

16. Room scattering

17. Leakage and crosstalk

18. Round-off in amplitude / phase

5.1 Probe-Parameter Uncertainties

Newell [7] has shown that the antenna transmit-
ting coefficients, fm (main component) and f. (cross
component), are given by

D'(K) _D"(K)
sm(K) se(K)
1— ps(K)

ps(K)

p(K)

tn(K)= (8a)

D"(K)
(k)= %)

_ _D(K)
su(K) pi(K)
1 _P(K)
pi(K)

(8b)

where D' is the uncorrected (for the probes) far
field using probe 1 whose main component is in the
same sense as the main component of the AUT, D"
is the uncorrected far field using probe 2 whose
main component is in the same sense as the cross
component of the AUT, K is the transverse part of
the wave vector, and p’ and p” are the polarization
ratios of probe 1 and probe 2 respectively. Here-
after we will drop the explicit use of K. With these

conventions, when

lpi/ps|< 1 (92)
and when

los/pd< 1, (9b)
where p.=tJ/ts, the probe correction equations
become [7]

D !
tm =71 (10a)
D " D ’
=5 T st (106)
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When the conditions of Eq. (10a) and (10b) apply,
we can calculate the differential of these equations
to obtain equations for the fractional uncertainties.
We find that the fractional uncertainties for ¢, and
t. are [7]

dty _ dD’ _ dsp
=D P (11a)
= (1505) (57 - %)
e -\ \pm T ¢
1 dp? dD ds,
+(—) (—-’,f—s——,+—,-“1) 11b
Dt Ps Ps D Sm (11b)

The uncertainties in the far field are caused by
uncertainties in the values of D', D", sp, st, and py.
When Eq. (9a) and Eq. (9b) are valid, the polariza-
tion ratio of probe 1 pi, has no significant effect on
either component of the far field. In addition, the
probe’s effect on the AUT cross component de-
pends on the relative polarization ratios of the AUT
and probe 2. Since the main-component uncertain-
ties are proportional to the uncertainties in sm, the
uncertainties in the probe gain and pattern have a
one-to-one correspondence to uncertainties in the
AUT’s main component. Typical uncertainties for
the probes are given in Table 5.

Table 5. Typical iJrobe uncertainties

Standard
Source of uncertainty uncertainty (in dB)
Probe gain 0.06
Relative probe pattern amplitude
at -5 dB 0.09
at —15 dB 0.2
at —30 dB 0.9

If the sum probe or open-end waveguide is used
to measure the AUT, we expect a standard uncer-
tainty due to the probe of about 0.06 dB in the gain
of the AUT. The difference probe, on the other
hand, has a 30 dB null in the direction of the AUT
main beam; therefore the standard uncertainty in
its gain in the direction of the null is about 0.9 dB.
In addition, A probe steering uncertainties intro-
duce additional gain uncertainties. Because of the
sharpness of the null, the steering uncertainty of
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0.5° causes a standard gain uncertainty of 1.6 dB.
Thus the standard gain uncertainty using the A
probe is greater than 1.8 dB.

These probes all have their patterns down by
about 20 dB from their peak at wide angles, hence
the standard uncertainty in the amplitude of the
AUT’s pattern at wide angles is about 0.3 dB due to
uncertainties in the relative patterns of the probes.

5.2 Near-field Measurement Uncertainties

In addition to the uncertainties in the probe
parameters, there are uncertainties in the calcu-
lated far field due to uncertainties in the near-field
measurements.

A number of these uncertainties cannot be esti-
mated beforehand. They are: (1) the multiple re-
flection effects because there exists no theoretical
method to determine the magnitude of the multiple
reflections between probe and AUT; (2) the
impedance uncertainties (which affect only the
gain) because the reflection coefficients and their
uncertainties are unknown until measured; (3) un-
certainties due to leakage and crosstalk until they
are actually measured; and (4) uncertainties due to
room scattering. Room scattering has not played an
important role at the NIST facility in the past be-
cause its magnitude is small but it could be a limit-
ing factor in measuring low sidelobes. For the
low-sidelobe measurement, NIST developed a test
to estimate the effect of room scattering as was de-
scribed earlier. The implications of the results of
this test for the measurement accuracy will be dis-
cussed later.

The effect of multiple reflection can be estimated
by taking measurements at several Z-distances, av-
eraging the results, and subtracting the average
from the individual measurements. The results of
these tests were discussed in a previous section. In
short, the multiple reflection uncertainties were
greater for the difference probe than for the other
two probes that were used in the measurement and
were a function of far-field angle.

Impedance uncertainties were small and con-
tributed at most 0.05 dB to the uncertainty in the
gain of the AUT.

Leakage and crosstalk were estimated by making
one-dimensional near-field measurements first with
a termination on the transmitting side with the
probe operating normally and then with a termina-
tion on the receiving side with the AUT operating
normally. The leakage and crosstalk were 75 dB be-
low the near-field peak and cause uncertainties in
the far-field pattern as summarized in Table 6.
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As indicated in Sec. 4, the peak room scattering
is —70 dB, and the RMS room scattering is —89
dB. From this, we obtain the uncertainties in Table
7.

Table 6. Far-field pattern uncertainties due to leakage

Standard

Pattern amplitude (in dB) uncertainty (in dB)

0. 0.0004
—15. 0.003
-30. 0.02
—45. 0.1
—-60. 0.2
=175. 2.4

Table 7. Uncertainties due to room scattering

Standard

Pattern amplitude (in dB) uncertainty (in dB)

0. 0.0003
—15. 0.002
—30. 0.01
—485. 0.06
—60. 0.3
=175. 1.9

In principle, data point spacing can be chosen so
that aliasing is arbitrarily small. However, noise
and/or rapidly varying systematic errors (for exam-
ple, multiple reflections) set the practical lower
limit. If the data spacings in X and Y are &, and §,
respectively, then the aliased Fourier transform of
the data F.(K) in terms of the true FFT is [7]

2mr Zmr) (12)

EK%MEwF@+a“k+ 5
Aliasing is contributed by terms for which m =0,
n#0. The terms m = 1, n = =1 are usually the
only terms which contribute significantly to this er-
ror. The magnitude of the aliasing uncertainty can
be estimated using the test space procedure. In this
test a centerline near-field scan is performed using
very small spacing between data points. The FFT is
then performed on the complete set of data, then
on every other data point, then every third point,
and so forth. Using these centerline tests we are
able to determine a data point spacing such that the
aliasing error is small in comparison to other errors
for all three probes. The aliasing uncertainty is
about the same for all of the probes.
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Area truncation has two effects. First, the far-
field pattern results obtained by Fourier transform-
ing the PNF data are valid only within the angular
region defined by the geometry of the antenna and
the scan area, as shown in Fig. 30. The second effect
produces uncertainties in the far-field pattern
within the region of validity. Yaghjian [6] showed
that we can obtain an upperbound uncertainty from
a knowledge of the measured data on the boundary
of the scan area. Denoting the plane-polar coordi-
nates of the boundary by (p’, ¢), the normalized
data on the boundary by B(p’, ¢, ), the spherical co-
ordinates in the far field by (6, ¢), the magnitude
of the electric field by | E(r)|-«, and the maximum
acute angle between the plane of the scan area and
a line connecting the edges of the antenna aperture
and the scan area by ymax, We express the fractional
uncertainty in the far field as

f B(P ¢p)e—1kp sinfcos (¢ — dz)p ,d¢P

AD(6,¢)| _
D(6,¢) 271 |E(r)| - COS Ymax
(13)
Measurement
Plane
- Lx -
L T
\ |
W 1
|
N d
\ |
\ ! ¢
N

Test Antenna

Maximum Angle for Accurate Far Field= Gs
Lx-a )
2d

Fig. 30. Schematic relationship between the scan length and
the maximum angle to which far-field patterns can be accurately
computed.

6

s = Tan™! (

In this test an FFT is done on the full set of data,
then all the data are set to zero except the data at
the edges and the FFT recomputed. The far fields
from these two data sets can be compared and used
to determine the uncertainty due to the truncation
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of the scan plane. We find that the standard trunca-
tion uncertainty for the peak of the far field is 0.06
dB. At 40 dB below the far-field peak the standard
truncation uncertainty is about 0.3 dB and at 60 dB
below the far-field peak the standard uncertainty is
0.9 dB.

The remaining uncertainties, which are due to
uncertainties in position, amplitude, phase, and
alignment, were shown by Yaghjian [6] and Newell
[7] to have a term in common: they all depend on
the ratio g (K) of the peak uncorrected far-field am-
plitude D (Ko) to the far-field amplitude D(K) in
the direction K. Because the difference probe has a
null in the direction of the AUT’s main beam it
leads to an uncorrected far field which has a peak
value which is 25 dB to 30 dB below the peak of
both the sum probe and the open-end waveguide.
As a result these uncertainties will be 25 dB to 30
dB below the corresponding uncertainties for the
other two probes.

Position uncertainties (and some other uncer-
tainties) often concentrate their effects in certain
directions because of periodicities in the measure-
ment (for example, the structural supports of the
scanner). If there is no periodicity then these uncer-
tainties will add to the noise of the far field. Other-
wise, the position uncertainties are concentrated in
the directions sin (y/7) relative to the direction of
the main beam, where 7; is the corresponding peri-
odicity. For antennas in which the main beam is
steered off axis and for direction angles near the
main beam, (6 — 8) < y/(10L) (L is the maximum
antenna dimension and 6 is the angle between the
direction of the Z-axis and the direction of the main
beam) the uncertainty in the far field is [7]:

ADgK[

< 344 (AKK 2.,
\/77 (—%l) sin’6, g(K) (14)

for X and Y uncertainties, and

|%(%2 df\% (B con o) (1)

for the Z uncertainties. For directions where
A/(10L) < (80— &) < w/2 the uncertainty is

Ag(lf) =135 (M{Q) sing g(K)  (16)
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for the X and Y uncertainties, and

I D(K) ldB =135 (M){Q) cosé g(K)  (17)

for the Z uncertainties. 7 is the aperture efficiency,
A(K) is the FFT of the X and Y-position errors, and
8. (K) is the FFT of the Z uncertainties. Table 8
shows the period and magnitude of the position
errors that are observed for the NIST near-field
scanner.

The period of 9.1 m in Table 8 corresponds ap-
proximately to twice the scanner’s height, and 40.5
cm corresponds to the distance between supports in
the X -direction. For L = 6 m, the largest dimension
of the ULSA, n=0.5, 6 =12.7° (the location of the
ULSA main beam), we obtain the uncertainties
found in Table 9 for the sum and open-end waveg-
uide probes.

For the difference probe, a —40 dB sidelobe
would have g(K)=3.2 instead of 100 as is the case
for the other two probes and a —60 dB sidelobe
corresponds to g(K) =232 instead of 1000. This is a
consequence of the 30 dB null which the difference
probe has in the direction of the AUT’s main beam
and which reduces the peak value of D (Ko) by 30
dB. The resulting uncertainties for the difference
probe are found in Table 10.

Table 8. Mechanical periods for the NIST scanner

Type of Magnitude
uncertainty As a function of Periods (in cm)
V4 X none 0.04
Y 9.1m 0.06
Y X 40.5 cm 0.01
91.0 cm 0.01
X Y 91m 0.06

Table 9. Far-field uncertainties resulting from near-field posi-
tion uncertainties using sum and open-end waveguide probes

Direction angle Standard
Function from Sidelobe uncertainty
Type variable main beam level (in dB) (in dB)
V4 X noise
Y +0.6 0.0 0.05
Y X +6.0 —40.0 0.2
+14.0 -60.0 1.7
X Y +0.6 0.0 0.01
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Table 10. Far-field uncertainties resulting from near-field posi-
tion uncertainties using the difference probe

Direction angle Standard
Function from Sidelobe uncertainty

Type variable main beam level (in dB) (in dB)

z X noise
Y +0.6 0.0 0.08
Y X +6.0 —40.0 0.01
+14.0 ~60.0 0.09
X Y +0.6 0.0 0.02

Because of the difference probe’s properties the
position uncertainties for a —40 dB sidelobe and a
— 60 dB sidelobe are greatly reduced in comparison
to both the sum probe and the open-end waveguide
probe.

Amplitude and phase instrumentation uncertain-
ties arise from receiver nonlinearity, flexing of ca-
bles and rotary joints, source and receiver drift, and
temperature drift. The drift amounts to about 0.5%/
h. However, we can partially correct for drift by the
use of tie scans. There is also a 2° to 3° phase uncer-
tainty associated with the flexing of cables to the
probe and with the rotary joint. The periods for the
cable flexing are associated with the X and Y di-
mensions of the scanner, about 4.5 m in each direc-
tion. We can partially correct for receiver
nonlinearity by using a calibration of the receiver
against a calibrated rotary vane attenuator. Using
this calibration we can make a first-order correction
for the nonlinearity of the receiver. The first-order
correction coefficient for the frequency band of the
ULSA is 0.01 = 0.005. Thus 0.005 is the peak resid-
ual uncorrected nonlinearity. The periods associ-
ated with this uncertainty depend on the variation
of the near-field amplitude and phase as functions
of X and Y. The near-field amplitude variation de-
pends partly on the properties of the probe. The ex-
pected periods for the sum and open-end
waveguide probes are 8 m in X and 2 m in Y. The
expected periods for the difference probe are 8 m in
X and 1 m in Y. The upperbound amplitude uncer-
tainty due to nonlinearity is [7]

AD(K)

By = SV (),

(18)

where U(K) is the FFT of the residual receiver non-
linearity uncertainty. When A/(10L)< (60— &)
< — /2 the uncertainty in the phase nonlinearity
causes a far-field uncertainty which is [7]
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|J—1Al§)(lf) =135 %g(K), (19)

where V(K) is the FFT of the residual phase uncer-
tainties (including the uncertainty due to cable flex-
ing). The resulting far-field uncertainties due to
residual uncorrected receiver nonlinearity in the
phase and amplitude are shown in Table 11. The
uncertainties of Table 11 for the —20 dB and —40
dB sidelobes are less for the A probe but not much
less because the largest uncertainties lie in the di-
rection of this probe’s null.

Table 11.  Far-field uncertainties due to residual amplitude and
phase uncertainties

Asa Direction Standard
function from Sidelobe uncertainty
Type of main beam level (in dB) (in dB)
Amplitude X +0.7 0. 0.03

Y +1.3 —-20. 0.3
+3.0 —40. 3.0
Phase D' £13 -20. 1.0
Y *13 —20. 1.0

In addition to the above mentioned phase and
amplitude uncertainties, there is also round-off
which will contribute to the noise. The near-field
amplitude is measured on a 0 to 100 linear scale;
the maximum round-off for the amplitude is 0.05 on
this scale. The phase is measured in degrees and
has a maximum round-off of 0.05°. The signal-to-
noise ratio due to the amplitude round-off is given
by Newell [7] as

s ) _ VN2
(N .~ (NIN) 3o:’ (20)
and due to the phase round-off as
$) L VNE,
(N ¥ - 30’.1, (21)

where N. is the number of measurement points
within the effective area, N is the total number of
measurement points, and the ¢’s are the standard
deviation of the round-off distributions. Since we
used a spacing of 3.81 cm in both X and Y and a
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measurement area of about 10.4 min X by 3.8 min
Y, then N =27 500 measurement points. Assuming
a 50% efficiency for the antenna and using the di-
mensions of the ULSA we find N.=2500. With
maximum round-off of 0.05 for the amplitude and
0.05° for the phase then 0,=0.0003 relative to the
peak and ,=0.0005 (in radians) and we find (S/
N).=82 dB and (S/N )= 87 dB. The total signal-to-
noise ratio is therefore expected to be about 81 dB.

A summary of the approximate uncertainties as
derived from the above tests and analyses is given in
Table 12. Assuming these uncertainties are inde-
pendent of each other the total standard uncer-
tainty is the root sum square (RSS) of these errors.
This implies that the total standard uncertainty at
— 55 dB for the waveguide probe is (+3.2dB, —5.1
dB) and that for the difference probe is (+2.2 dB,
—3.0 dB). Uncertainties will exceed this in some di-
rections where periodicities are larger.

Our analysis for the NIST near-field facility leads
us to conclude that it should be possible to accu-
rately measure (within a few decibels) sidelobes
down to about 55 dB below the AUT’s peak far
field.

5.3 Comparison of Near-Field and Far-Field
Results

We can now compare the far-field patterns ob-
tained from the NIST PNF range to those obtained
by others on a far-field range. When we overlay the

results of Fig, 27 to those in Fig. 3 we found that
there is an offset between the two patterns of 0.5°.
Accounting for this offset and overplotting the two
results (Fig. 31) we see the two patterns agree quite
well. At —55 dB the difference between the two
patterns is generally less than 5 dB, which is within
the NIST measurement uncertainty.

Table 12. Far-field uncertainties using the NIST planar scanner

Standard uncertainties in
dB for a — 55 dB sidelobe

Uncertainty source Waveguide probe Difference probe

Truncation +14 +0.5
-16

Aliasing +0.5 +0.5

Multiple reflections +1.4 +2.2
-1.6 -29

Room scattering +0.2 *0.1

Position +2.2 +0.1
-2.9

Amplitude +1.4 +0.1
-16

Phase uncertainty +14 +0.1
-1.6

Random noise +04 +0.3

RSS uncertainty +3.2 +2.2
=51 -3.0

Amplitude in dB

65 -55 -45 -35

25 -15 -5

5 15 25 35 45 55 65

Azimuth in deg

Fig. 31. Comparison of far-field patterns determined using the PNF range (solid) and the far-

field range (dotted line).

165



Volume 99, Number 2, March-April 1994
Journal of Research of the National Institute of Standards and Technology

6. Future Research

If we could ignore the multiple reflections caused
by the difference probe, this probe would clearly be
the best probe to use for these low-sidelobe PNF
measurements (but not for the gain or main beam).
However, the effects of multiple reflections are sub-
stantially worse for the A probe than for the other
two probes so the A probe proves to be only slightly
better (about 2 dB) in the level to which it is able to
distinguish the low sidelobes of the AUT.

Why a probe or any antenna has particular reflec-
tion properties is poorly understood. There is only
a rough approximation for correcting for this effect.
The argument is usually made that if data are taken
over enough scan planes and transformed to the far
field while accounting for the different separation
distances, and data from the various planes aver-
aged, then the multiple reflection effects tend to
cancel. There is no test for determining how many
different scan planes are adequate for this proce-
dure. In calculating the far field from near-field
data, the terms involving multiple reflections be-
tween the AUT and the probe are ignored.

It would be desirable to approach the problem of
multiple reflections from both the experimental and
theoretical views. From the theoretical view the
possibility of including the first-order multiple re-
flection term could be explored. According to Kerns
[12] the full solution to the transmission equation is

bl

'_Z = S(’JZ TZI (1 _Sll I‘é,) Sl(), (22)

where R’ describes the receiving probe as a passive
scatterer in the transmitting coordinating system,
and §,, describes the scattering properties of the
transmitting antenna. In practice for near-field
measurements we assume SR’ ~0. Since multiple
reflections are obviously present, often it would be
desirable to know what can be done to solve equa-
tion (6-1) when Sy, R’ =0.

From an experimental view point it would be de-
sirable to know which kinds of probes and antennas
produce larger multiple reflections. This might be
determined by doing Z -multiple- reflection tests (as
described in Sec. 3.3) for different combinations of
AUT and probe.

7. Summary

The near-field measurement technique can be
used to measure sidelobes of very low-sidelobe an-
tenna arrays. Near 3 GHz the NIST measurement
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facility can measure sidelobes to about 55 dB to 60
dB below the AUT’s peak far field. The main limi-
tations to accurately determining sidelobes below
60 dB are multiple reflection effects between the
AUT and the probe.

The A probe can be useful in reducing some un-
certainties, which depend on the quantity g(K).
However, because higher multiple-reflection effects
are associated with it, it is only marginally better
than an open-end waveguide in measuring low side-
lobes. If multiple reflections could be substantially
reduced, the difference probe would be an ex-
tremely useful probe to measure sidelobes below 65
dB.

The A probe cannot be used to accurately deter-
mine the main beam region of the AUT far-field
pattern. This is because in the region of the A probe
null, which corresponds to the AUT main beam,
small uncertainties in steering cause large uncer-
tainties (1.5 dB or more) in the probe pattern am-
plitude which in turn causes large uncertainties in
the probe correction for the AUT main beam.
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The long term performance of polymers
and their composites is an important
aspect of their increasing use in engi-
neering applications. Temporal, ther-
mal, and mechanical stresses can all
contribute to the deterioration of per-
formance. Here we examine the con-
cepts of the physics of glassy polymers
and how they are important in develop-
ing constitutive equations that describe
their volume/temperature/stress time re

sponse forms the basis of the prediction
of long term performance.
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sponse. The understanding of such re-
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1. Introduction

When a glass forming liquid, such as a polymer
melt or rubber, is cooled there is some temperature
at which the molecular mobility decreases enough
that the material’s thermodynamic state or struc-
ture cannot attain equilibrium in the time scale of
the experiment (determined by the cooling rate)
[1-3]. Below this temperature, generally referred to
as the glass transition temperature Ty, glassy materi-
als are unstable with the result that their properties
continuously evolve towards a temporally distant
equilibrium. Efficient design with and use of poly-
meric materials requires an understanding of the
physics underlying the structural recovery and the
impact of the changing thermodynamic state on the
mechanical properties of the material. In what fol-
lows we attempt to put into perspective the interre-
lationships between the physics of glasses, how it
influences material performance and how we model
material response using nonlinear constitutive
equations. Additionally, we will describe some of
the implications of structural recovery in polymers
for composite materials performance. Finally, we
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will discuss the importance of developing methods
to combine computer codes with nonlinear constitu-
tive law modeling to material processing and per-
formance prediction.

2. Phenomenology of Glasses

Referring to Fig. 1, the glass transition event can
be defined in terms of a volume-temperature sur-
face in a cooling experiment. At a given cooling
rate, g = —d7T/dt, the volume begins to depart from
the equilibrium volume at a characteristic tempera-
ture T =T, referred to as the glass transition temper-
ature. If the magnitude of the cooling rate
decreases, T, decreases {T,(q2) < Te(q1) for g2<qu}.

If one cools a glass as depicted in Fig. 1 and then
keeps the temperature fixed the volume of the
material evolves spontaneously towards equi-
librium, as represented by the arrow at T;. When
the temperature is decreased rapidly in a T-jump
experiment the volume recovery response looks like
that depicted in Fig. 2 where the volume departure
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from equilibrium 8,=(v —v. ). is plotted against
the logarithm of the time after the temperature
change. Note that v is the (specific) volume at time
t and v, is the equilibrium volume. Similar results
are obtained if one measures enthalpy instead of
volume [4]. In general, one can refer to the evolu-
tion of the glassy polymer’s thermodynamic state
towards equilibrium as structural recovery [4-6].

equilibrium
melt

non—equilibrium
glass

volume

. equilibrium
T1 glass

temperature (°C)

Fig. 1. Schematic representation of the volume-temperature
behavior of a glass forming material.

Asymmetry of approach [1,3-6] experiments
demonstrate the inherent nonlinearity of the struc-
tural recovery process. In these experiments, refer-
ring to Fig. 3, one equilibrates the glass prior to
performing T-jump experiments by either increas-
ing or decreasing the temperature. When one
jumps from Ty=T —AT (up-jump) or T,=T +AT
(down-jump) to T, one finds that the response
from below T is significantly different from that
when the jump is from above 7. This is readily seen
in Fig. 4 in which up- and down-jump histories are
depicted for a polymer glass. The asymmetry of ap-
proach to equilibrium is obvious. The nonlinear be-
havior was observed early by Tool [6] in working
with inorganic glasses and has been attributed to a
dependence of mobility on the current structure of
the glass. Thus, in down-jump experiments, where
the rate of volume recovery decreases with increas-
ing time after the quench, the response is autore-
tarded, while in the up-jump the rate of volume
recovery increases with increasing time and the re-
sponse is autocatalytic [1]. As described subse-
quently, the dependence of the molecular mobility
on the current glassy structure is one of the “essen-
tial ingredients” required to model the phe-
nomenology of glassy behavior [3].

5
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Fig. 2. Isothermal contraction of glucose glass after quenching from Ty=40 °C to different
temperatures, as indicated (after Ref. [1], with permission).
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equilibrium
melt

non—equilibrium
glass

volume

equilibrium

glass
| 1 |
T, T T,
temperature

Fig. 3. Volume-temperature schematic of the asymmetry of
approach experiment. (See text for discussion.)

The so-called memory effect is a manifestation of
another essential ingredient required to describe
glassy behavior. In such experiments one applies
multiple temperature jumps to the sample. If we
refer to Figs. 5 and 6 the most dramatic effect is
seen when the experiment is performed such that
the sample is first subjected to a down-jump to T)
(A, B, C in Fig. 5) and allowed to “age” isother-

103x 8

mally until the volume extrapolated along the
glassy thermal expansion line is the same as the
equilibrium volume at 7, (D in Fig. 5). The sample
is then subjected to an up-jump to T, and the re-
sulting initial departure from equilibrium &, is near
to zero. As seen in Fig. 6, the glass does not remain
in equilibrium, rather, it “remembers” its prior his-
tory and &, goes through a maximum before it ap-
proaches the response of a down-jump directly to
T, at long times. Such behavior cannot be ex-
plained without invoking a nonexponential retarda-
tion function to describe the behavior. The
nonexponential function can either be represented
as a sum of exponentials (distribution of retardation
times) or using a Kolrausch [7]-Williams-Watts [8]
(KWW) function (stretched exponential). The use-
fulness of these functions is described subse-
quently.

In the final paragraph of this section we discuss
briefly the problems of performing nonisothermal
types of experiments. The experiments described
above, while using two or more temperatures were
isothermal in the sense that the response of interest
was observed at constant temperature. In those ex-
periments we observed both the material nonlin-
earity (asymmetry of approach) and a mani-
festation of the nonexponentiality of the funda-
mental retardation response (memory effect). In
nonisothermal experiments, one might expect that
manifestations of these effects could lead to appar-
ently interesting behaviors that truly were simple

r-1 (h)

Fig. 4. Expansion and contraction isotherms for poly(vinyl acetate) glass after heating and
cooling from Ty=7T +5°C. This plot shows the asymmetry of the expansion and contraction

isotherms (after Ref. [1], with permission).
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volume

temperature

Fig. 5. Schematic of volume-temperature history used in mem-
ory experiment (see text for discussion).

evidences of the nonlinearity and nonexponential-
ity of behaviors. Thus, in a differential scanning
calorimetry experiment, for example, one follows
the heat capacity C, as temperature is changed. Of-
ten one observes peaks, as shown in Fig. 7. The
question then arises as to how to interpret such
peaks and the possible effects of the nonlinear be-
havior of glasses need to be included in any inter-
pretation of the results. Similar comments hold for
other experimental methods such as thermo-

1.0+ (2)

10°x 8

of=*-*2 P

mechanical analysis (TMA) or dynamical mechani-
cal analysis (DMA) in which temperature is varied.
In the following section we discuss the equations
that are valuable in describing the nonlinear, non-
exponential structural recovery of glass forming
systems.

3. The Physics of Structural Recovery

Prior to being able to describe the viscoelastic re-
sponse of polymeric glasses, it is essential that the
underlying physics of the polymer glass be under-
stood. In this section we present the phenomeno-
logical equations that have been developed and are
generally agreed upon as describing reasonably well
the structural recovery of glasses. It is anticipated
that the physics incorporated into these equations
are the minimum needed to successfully describe
glassy behavior, at least to a first approximation.
The ideas presented here will carry over to the vis-
coelastic response of polymers and the phe-
nomenon of physical aging. These will be visited in
a subsequent section.

3.1 Requirements of the Models

From the above discussion it is readily seen that
the kinetics of structural (volume, enthalpy)
recovery in glassy materials exhibits a richness of
behaviors that offers a severe test of any model. In
1971 Narayanaswamy [9] developed a formalism

T =30°C

0.01 [oN] 1

r-+.(h)

Fig. 6. Isothermal evolution at Ty =30 °C for poly(vinyl acctate) showing memory effect: (1)
quench from 40 °C to 30 °C; (2) quench from 40 °C to 10 °C for 160 h followed by up-jump to
30 °C; (3) quench from 40 °C to 15 °C for 140 h followed by up-jump to 30 °C; (4) quench from
40 °C to 25 °C for 90 h followed by up-jump to 30 °C. Note that at short times §~0. (After

Ref. 1, with permission.)
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7 (K)

Fig. 7. DSC curves calculated using a Narayanaswamy [9]-
Moynihan [10]-type phenomenological model for glasses sub-
jected to difference annealing times £, at 60°C. (O) 1 h; (o) 1
day; (A) 1 week; (A) 1 month; ([7) 1 year. This demonstrates
how complex features in DSC traces can occur due to the non-
linearity in the structural recovery response (after Ref. [46],
with permission).

analogous to that of the reduced variables ap-
proach used in viscoelasticity theories to describe
“time-temperature” superposition. Importantly, his
model incorporated the concepts described above
of a distribution of relaxation times (or nonexpo-
nential relaxation) and the dependence of the in-
ternal material “clock” on the current structure of
the glass. Until then there was no model that incor-
porated the “essential ingredients” described
above that are necessary to explain the major fea-
tures of the phenomenology of glassy kinetics. In
subsequent work Moynihan, et al. [10] enlarged
upon the Narayanaswamy approach and Kovacs, et
al. [11] arrived at similar results independently.
The Narayanaswamy [9]-Moynihan [10] model is
given an excellent review by Scherer [5] and the
Kovacs, Aklonis, Hutchinson, Ramos (KAHR) [11]
model is summarized by McKenna [3]. Here we
treat them briefly.
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3.2 The KAHR Model

Following the KAHR [11] approach, we use a
multiple ordering parameter description of the
(volume) departure from equilibrium. Then the
rate of recovery at constant pressure is

<

—dé/dt = —qAai + &/ (1€ i < n) 1)
where § is the total departure from equilibrium.
Aa=(m— ag) is the change in coefficient of ther-
mal expansion from liquid (1) to glass (g) at the
glass transition and the Aa; =g;Aa are the weighted
contributions of each ordering parameter to Aa

with

2g=1 2)
q =dT/de, t is time and the = are the retardation
times associated with each retardation mechanism
or ordering parameter. The model assumes that
each retardation mechanism is independent of the
others and depends on the total departure from
equilibrium. Furthermore the total departure from
equilibrium is written as

§=268. 3)
Similar equations can be written for the enthalpy
and also for pressure dependence rather than tem-
perature.

The solution to Eq. (1) now depends upon the
specific temperature and structure dependences of
the 7. These dependences are put into the KAHR
model in a manner equivalent to the time-tempera-
ture superposition principles of viscoelasticity the-
ory. Then, KAHR assume that, by a change in
temperature or §, each retardation time is shifted
by the same amount and that the amount of shift
due to a change in temperature is independent
from that due to the departure from equilibrium,
i.e., structure. As a result, the spectrum of retarda-
tion times simply shifts along the time axis but does
not change in shape:

(T, 8) = aras 4)
where ar and a; are the appropriate shift factors
for the spectrum at any T and 8 relative to 7, in the
reference state at equilibrium. Then simply

ar=7(T,0)/7(T.,0) ®

a;=7(T,8)/=(T, 0) 6
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where T: is a reference temperature and 6§ =0 de-
notes equilibrium. The thermal history dependence
of & can be written in a compact form by using a
reduced time variable z

t df

0 ATA 5 ’

Q)

=

The relevant expression for 8(¢) is then given by
the convolution integral

dar

8(z)= —Aa rR (z—z)dz’ o

®)

where R(z) is a normalized retardation (recovery)
function for the system
R(z)=2g exp(—z/7s) . ®
In the case of the Narayanaswamy [9]-Moynihan
[10] development, the retardation function is ex-
pressed in the so-called Kolrausch [7]-Williams-
Watts [8] (KWW) function
R(z)=exp (—z/m)" . (10)
Importantly, these equations provide a formal-
ism for the description of the behavior of the glass
once one determines the functions for ar, as, Aa,
and R(z). This is not a trivial experimental task
and requires some further simplifications. How-
ever, the major features of the volume recovery re-
sponse are reasonably well represented within this
formalism. A thorough discussion of the quality of
such models is presented by McKenna [3]. At this
point we leave the reader to note the importance of
Eqgs. (1-10) lies in the ability to obtain the nonlin-
ear behavior manifested in the asymmetry of ap-
proach experiment simply by including in Eq. (8)
the fact that 6 depends upon itself through the re-
duced time z expressed in Eq. (7). Similar concepts
of a material clock that depends upon the response
that one is attempting to measure has also become
increasingly important in the description of the
nonlinear viscoelastic properties of polymers and
will be touched upon in a future section.

4. Physical Aging in Polymer Glasses
4.1 The “Classical” Picture of Aging

4.1.1 The Linear Viscoelastic Regime It has
long been known that polymeric materials are not
in equilibrium in the glassy state and that their
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properties resultingly changed with time. In the
early 1960’s Kovacs, Stratton and Ferry [12]
attempted to use the ideas of volume recovery and
reduced time to describe the behavior of a polymer
glass when subjected to changes in temperature.
Their results were inconclusive, possibly due to
lack of precision in the measurements, but
suggested that as a first approximation the idea
that as the glassy structure changes, the mechanical
viscoelastic response might shift in a fashion simi-
lar to the volume recovery response described
above. Subsequently, this idea was exploited exten-
sively by Struik [13] in the mid-1970s in his devel-
opment of the “classical” picture of physical aging.
We review this here.

If one subjects the glass to a temperature jump
from above T, to below T, the volume recovery
described previously is accompanied by changes in
the viscoelastic response of the glass. In Struik’s
work, when the mechanical deformations were
small, he observed that the creep curves obtained
at different aging times . after the T-jump could be
superimposed by a shift a.. along the time axis. He
thus established a time-aging time superposition
principle similar to time-temperature superposi-
tion. Note that we have used the notation a. here
rather than as as was done above. The reason for
this is our feeling that the effects of structure on
the structural (volume, enthalpy) recovery re-
sponse need not be the same as for the viscoelastic
(creep, relaxation) response. Thus, although the
changing thermodynamic state obviously impacts
the kinetics of both structural recovery and creep
or stress relaxation, its impact need not be the
same for the different processes [14-20].

Results for aging of epoxy glasses obtained in
this laboratory following Struik’s methods are
shown in Figs. 8, 9, and 10. Figure 8 first schemati-
sizes the typical experimental procedure in which
the polymer is quenched to some temperature at
t.=0 and then load-unload “probes” are applied
sequentially to the sample at increasing aging
times. The duration of the loading time ¢, is kept at
less than 0.1 ¢ in order that the changes that occur
in polymer structure during the mechanical experi-
ment be small and not influence the measurement.
In Fig. 9 we show creep curves obtained from uni-
axial extension measurements on an epoxy glass at
different aging times in which the shifting of the
responses to longer times with increasing ¢. is clear.
Typical shift factors required to superimpose such
curves plotted against aging time are depicted in
Fig. 10 for different temperatures of aging. The im-
portant feature that is shown here is that upon
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Fig. 8. Schematic of loading sequence to probe physical aging
after a temperature jump. y is the applied load or deformation.
The t.; are the aging times after the temperature change. The ¢y
represent the duration of the load application. In general one
selects fifte < 0.10.
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aging below the glass transition two types of behav-
ior are evident. First, far below T} the aging contin-
ues for the duration of the experiments. Second,
near to T, the aging seems to nearly cease at some
time “¢'” that might be expected to be some equili-
bration time for the glass. This will be discussed
subsequently.

In the linear viscoelastic regime Struik found that
the double logarithmic shift rate p=d log(a.)/d
log(f.) < 1 in the aging regime which he defined as
being between the a and B transitions in polymers.
While this may be a predominant effect, there is lit-
tle doubt that aging does occur below the B transi-
tion in glassy polymers, but the relative effects of
the structural recovery on the B-transition and the
glass transition are different and certainly the time-
aging time superposition will break down in this
regime. An example of such a problem arose in the
work of McKenna and Kovacs [21] on PMMA in
which it was found that the stress relaxation re-
sponses at different aging times could not be super-
imposed below 80 °C and this was attributed to the
influence of the strong and broad B relaxation in
PMMA.

10

CREEP COMPLIANCE (x 10 pPa™ 1)

TIME (s)

Fig. 9. Creep compliance curves at different aging times t, for an epoxy glass

quenched from T, + 22°Cto T;—9 °C.

te: ([7) 28 min; (O) 126 min; (A) 503 min;

(<) 2013 min; (m) 4026 min. (After Ref. [14b].)
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Fig. 10. Double logarithmic representation of aging time shift factor a,. vs aging time /. for an
epoxy glass aged at different temperatures below its T,. T,—T: (e) 30.1°C; (X) 24 °C; (O0)
20.8 °C; () 10.3°C; (») 6.3 °C. (After Ref. [14a).)

The picture of physical aging that emerges from
the work of Struik and others in the linear viscoelas-
tic regime is relatively straight forward and indi-
cates a ‘“structural” dependence of the char-
acteristic viscoelastic times that can be described by
a time-aging time superposition principle —at least
to first approximation. Struik [13], Kovacs, Stratton
and Ferry [12], among others, explain the structural
changes in terms of free volume concepts. Because
these are well covered in the literature (see, e.g.,
Ferry [2]; McKenna [3]) we will not discuss them
here.

4.1.2 The Nonlinear Viscoelastic Regime The
picture of physical aging put forth above applies to
the linear viscoelastic or small stress and deforma-
tion regime. In the case of the effects of structural
recovery on the nonlinear viscoelastic response of
the glass, the picture changes, and as will be seen is
controversial. First we will present the views of
Struik [13] as originally put forth in his book and
early papers. This will be followed by a section de-
scribing work done in our laboratory that verify the
experiments of Struik (and others) but that provide
evidence that contradicts his interpretations.
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Figure 11 depicts schematically the evidence that
Struik had that indicates the differences in the ag-
ing behavior in the linear and nonlinear viscoelastic
regimes. There are two things to be observed here.
First, as observed previously by Matsuoka [22], at a
given aging time the creep compliance at large
stresses is shifted to shorter times relative to the
small stress response. Second, upon increasing the
aging time, the aging time shift factor is greater for
the small stress experiment than for the large stress
experiment. Thus, as shown in Fig. 12, when the
stress is increased, the slope of the double logarith-
mic plot of a.. vs t. decreases. Struik concluded from
these (and some other experiments) that the large
stress erases the prior aging. This has subsequently
come to be known as rejuvenation. Figure 13 de-
picts schematically the sort of interpretation that
Struik used to explain why the large stresses or de-
formations rejuvenate the glass. He hypothesized
that the volume (or free volume) is increased by the
input of mechanical work by the loading and un-
loading of the sample with the result that the
stresses move the glass closer to the same structural
state as the unaged or freshly quenched glass.
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Fig. 11. Schematic representation of the relative effects of

structural recovery on the small stress (linear regime) and high
stress (nonlinear regime) creep compliance of a glassy polymer.
The a. represent aging time shift factors. The a. is a possible
stress shift factor.

These results, and others presented by Struik
and others, are not questioned. What is observed
as the signature of rejuvenation is the decrease in
the slope u of log(a.) vs log(t.). However, the
hypothesis that the structure of the glass (as the
nonequilibrium thermodynamic state) changes
upon application of the large stresses or deforma-

tions, has specific implications for the aging behav-
ior as manifested in the evolution of the viscoelas-
tic properties as well as for the volumetric response
after the material has been deformed. These are
addressed in the next section.

4.2 Some “Non-Classical” Aging Experiments

In dealing with the aging problem, and in partic-
ular with the problem of the interactions of the
large deformations or stresses with the volume or
structural recovery, we have attempted to address-
the problem from the point of view of nonlinear
viscoelasticity. In several papers [14-18, 23], we ar-
gued that the apparent rejuvenation of the polymer
glass was simply a manifestation of the fact that the
observed effects were either due to a “memory”
effect or, as in the case of the above experiments,
of the fact that the volume recovery impacted the
large deformation response less than it did the
small deformation response. In what follows we
show results from two types of experiment that
support our contention that aging affects the non-
linear response less than it does the linear
response, as evidenced by the Struik observation of
a lower value of the double logarithmic derivative
n=d log(a.)/d log(t.). First, we look at results
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Fig. 12. Double logarithmic representation of a.. vs t. for an epoxy glass aged at
T,—13.2°C. Symbols represent results from tests in which aging response was
“probed” at different levels of applied stress: (00) 1 MPa; (O) 5 MPa; (A) 10 MPa;
() 15 MPa; (e) 20 MPa. (After Ref. {14b].)
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Log (Aging Time)

Fig. 13. Schematic of anticipated effect of applied stress on the
volume recovery response if “rejuvenation” or “erasure” hy-
potheses are correct. Solid line, volume recovery in no-stress ex-
periment. Dashed line represents residual effect due to erasure
or rejuvenation. (Sec text for discussion.)

from experiments performed close to the glass tran-
sition and ask what does “¢' do as a function of
stress magnitude? Second, in a similar temperature
regime, we show results from experiments using the
NIST torsional dilatometer [24], that show no
change in the kinetics of volume recovery upon ap-
plication of large deformations.

Recalling that ¢" is a measure of the aging kinetics
(how long until the mechanical response attains its
equilibrium response)', the rejuvenation hypothesis
suggests that ¢' should increase as the level of the
applied “probe” stress o increases. With this in
mind, Lee and McKenna [14] undertook a series of
uniaxial extension creep experiments using epoxy
glasses that could be readily tested near to their
glass transitions. By changing the magnitude of o in
aging experiments after a temperature jump they
were able to observe how t' varies with o and the
change in p at the same time. Figure 14 illustrates
their dramatic finding that ¢' is independent of the
applied stress o even though the signature of
rejuvenation, that p decreases with increasing o,

1.5 T
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o
o
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10! 102

103
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Fig. 14. Double logarithmic representation of a,. vs ¢, for an epoxy glass aged near to the
glass transition. Symbols represent tests performed at different applied stresses: (0O0) 1
MPa; (A) S MPa; (O) 10 MPa; ($) 15 MPa. Note that t* (or t') is insensitive to the level

of applied stress. (After Ref. 14b.)
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! In the prior work from this laboratory cited here we referred to
t1 at r*. Here we have adopted the notation ¢* because it was
brought to our attention that ¢* is often used to mean reduced
time in some other milieu. Hence we seek to avoid future confu-
sion by introducing ¢1.
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remains. This result provided strong evidence of the
fallacy of the rejuvenation hypothesis, but was indi-
rect in that ¢! is not necessarily the equilibration
point for the glass. Therefore, direct and simulta-
neous measures of the volume recovery and vis-
coelastic response after temperature jumps were
perceived to be necessary. Such experiments are
discussed next.

At NIST a torsional dilatometer was built [24] in
which the torque, normal force and volume change
in samples could be measured simultaneously in ar-
bitrary thermo-mechanical histories. In this work
we chose to first examine the down-jump aging ex-
periment in mechanical histories similar to those
defined by Struik [13], but in stress relaxation
rather than creep. The torsional geometry of defor-
mation was chosen because volume changes due to
the mechanical deformation are second order ef-
fects in torsion and would therefore not swamp the
small volume changes observed after small temper-
ature jumps. (Had extension or compression been
chosen, the Poisson’s effect would have been very
large compared to the volume recovery observed
due to the temperature jump and the problem of
taking small differences between large numbers
would have magnified any uncertainties in the re-
sults). The NIST dilatometer has been described
elsewhere [24]. It has a volume change sensitivity of
approximately 1077 cm’/cm’ for short term tests
where temperature variations are unimportant. The
apparatus now has a long term temperature stability
of approximately +8 mK which leads to a long term
volume stability of about 1.5x 10~ cm*/cm’.

Figure 13 shows the sort of dilatometric behavior
one would expect during an aging experiment in
which the deformations were large. In Fig. 15 typi-
cal results from experiments performed in the NIST
torsional dilatometer at a large deformation (well
into the regime where the “signature” of rejuvena-
tion is seen) are shown. While the application of the
torsion does temporarily increase the volume of the
glass, as does the reduction of the torsion to zero,
what is observed is that the underlying (baseline)
volume recovery is unchanged by the application of
the large deformations. Thus, the changing aging
time shift factor with increasing stress is not ex-
plained by a change in the structure of the glass
upon application of the deformation. Apparently
the volume increases upon torsion do not con-
tribute to a change in the structural recovery rate in
the way anticipated by the rejuvenation model.
These results indicate that, in some sense, the ther-
mal volume and the mechanical volume are only
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coupled in the direction that the thermal volume
(structure) impacts the mechanical response of the
material. On the other hand, the mechanical defor-
mations do not change the underlying structure of
the glass in as much as the volume recovery kinetics
are unaltered by them. An extensive discussion of
this decoupling is presented in Lee and McKenna
[14]. Two cautions need to be made about this in-
terpretation of the results. First, volume is not the
only state variable which is involved and it is con-
ceivable that the results are only relevant to volume
and not, e.g., entropy (enthalpy)—in which case
free volume models become very tenuous indeed.
Second, the results obtained to date are for behav-
jor below the yield of the polymer and need to be
extrapolated with caution beyond the yield.

104
Aging Time (s)

Fig. 15. Volume departure from equilibrium vs aging time for
an epoxy glass at T,—8.9 °C after a down-jump from above T
Points are data obtained for a torsional “probe” strain of 3%,
solid line represents data obtained for an undeformed sample.
(Data from Ref. [9])

S. Impéct of Structural Recovery/Aging
on Engineering Properties

Before going on to discuss some of the ways in
which the above findings impact the development of
methods for the description the mechanical re-
sponse of glass forming polymers, we take an aside
here to describe the impact of aging on some other
properties of polymers. In particular, we are inter-
ested in the response of engineering properties that
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often are assumed to be constant. The aging picture
presented above provides a basis for understanding
qualitatively what is happening. Much remains to be
done to explain quantitatively the impact of aging
on the yield and failure responses of polymers.

5.1 Yield

It has been shown by other workers that the yield
stress of a glass forming polymer increases with in-
creasing aging time after a quench [13, 25-26]. Here
we describe work performed in our laboratory on
epoxy resins that illustrates dramatically the impact
of aging on material response [27]. Experiments
were performed in uniaxial compression using a
technique often used in metal plasticity in which the
sample was loaded at one strain rate ¢ until a max-
imum occurred in the stress strain curve. At the
stress maximum the strain rate was increased by a
factor of 10 to e. The procedure allows one to ob-
tain data at two strain rates using a single specimen.
Figure 16 depicts the responses of an epoxy glass at
increasing aging times after a quench from above T,
to a temperature near to the glass transition. It is
obvious from this plot that the yield stress at both
strain rates increases as the aging time increases.
The magnitude of the increase is surprising, and as
seen in Fig. 17 can attain a factor as great as 1.8 in
aging from 0.1 h to 1000 h. Such behavior was also
observed for a thermoplastic by Pan and McKenna
[28] in separate experiments. Interestingly, in other
experiments nearer to T, one also observes a ¢'
break in the evolution of the yield stress with aging
time. It turns out that this break occurs at longer
times than for the viscoelastic properties. [16, 27].
This question of different time scales for different
properties is one which is perplexing and unre-
solved. (A discussion of different time scales in
polymer glasses is made in the paper of Santore,
Duran and McKenna {16]). The major observation
here is that the yield stress is obviously dramatically
affected by the structural recovery of the glass and
can evolve for long periods of time. This obviously
can be important for engineering structures and
composites.

5.2 Creep Rupture

The failure of materials is another time depen-
dent property of polymers that has only partly been
explained in spite of much work in the area. In the
case of the impact of structural recovery on failure,
there has been little work done on failure of bulk
materials in creep rupture conditions. In studies
performed by Crissman and McKenna [29, 30] on

poly(methyl methacrylate) (PMMA) it was found
that under certain conditions the creep rupture life-
time could be related to the viscoelastic properties
of the material. In this case the impact of aging on
both the creep response and the failure response
was similar.
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Fig. 16. Typical compression curves obtained at T,— 10 °C for
an epoxy glass for different aging times, as indicated. (After Ref.
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Fig. 17. Influence of aging time on the compression yield stress
obtained at different strain rates for an epoxy glass tested at
T,—15°C. oy represents yield at a strain rate of 1073 s~ !; gy
represents a strain rate of 10~2s~!'. oy, is the lower yield after
oyz. (After Ref. [27].)
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Two studies were carried out. First, PMMA that
had been aged at room temperature for approxi-
mately 5 years was compared with PMMA aged for
one week at the same temperature. Second, PMMA
samples that had been aged at 80 °C and then tested
at 22.5 °C were compared for different aging times
with the result that chemical and physical aging re-
sponses were both present.

In Fig. 18 we depict the times-to-failure # vs o for
the S year aged sample and for the 1 week aged
sample. Two things should be noted from this fig-
ure. First, the stress dependence is a power law with
an exponent of approximately 20. Second, the fail-
ure time for the 5 year aged sample is approxi-
mately 2.5-3 times that of the freshly quenched
sample. In Fig. 19 we depict the time-stress shift
factors a, vs o for the same two polymers obtained
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Fig. 18. Double logarithmic representation of the creep rup-
ture time # vs applied stress for poly(methyl methacrylate) tested
at 22.5°C. ‘Triangles represent data obtained for freshly
quenched samples. Circles are for samples aged at room temper-
ature for 5 years. (After Ref. {29].)
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from creep curves obtained at different stresses.
Again the response is power law in stress and the
power law exponent is again of magnitude 20. The
similarity in the exponents is evidence that the vis-
coelastic and failure responses are related. In addi-
tion, we found that the aging time shift between the
aged and unaged glasses was a factor of 2.5-3.

34 36 38
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Fig. 19. Double logarithmic representation of the stress shift
factor vs applied stress for poly(methyl methacrylate) tested at
22.5°C. Symbols as in Fig. 18. (After Ref. [29].)

When time-aging time superposition also holds,
as it did here, the failure and viscoelastic properties
are readily described by the same shift factors.
Thus, the failure and viscoelasticity of the PMMA
are apparently impacted in the same way by the
structural recovery.

In the instance of the PMMA we found that the
strain to failure was virtually unchanged as a func-
tion of stress or whether the sample had been aged
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or not. This led us to define some conditions in

which a common failure criterion would be valid.

The failure criterion is that the strain rate at failure

multiplied by the time to failure are constant:
é'ti=c.

(11)

This was found to be true under the following con-
ditions:

1. The time-stress superposition holds in a way
such that the horizontal shift of the creep compli-
ance curves is accompanied by a vertical shift
b, = o/o; where o is the reference stress.

2. The strain at failure is a constant.

This work was extended [30] by examining the ag-
ing of the same PMMA at 80 °C. There were three
important results that came from this work. First,
for a given aging time at 80 °C, the same type of
time-stress superposition at 22.5 °C was observed as
above. Also, the 22.5 °C creep responses of all of
the samples aged at 80 °C could be superimposed by
time-aging time superposition. However, the sam-
ples aged at 80 °C and tested at 22.5 °C did not show
superposition with the samples aged and tested at
22.5 °C. This result is not fully understood. The sec-
ond point is that at each aging time the failure crite-
rion of Eq. (11) was followed. However, ¢ was a
function of aging time. Therefore, the aging time
shift factors did not describe the changes in failure
times, as they had in the samples aged at 22.5 °C.
Finally, as shown in Fig. 20 the chemical degrada-
tion of the samples began to have an impact not
only on the failure strain, but also on the shift fac-
tors. Thus, log(a,.) vs log(t.) goes through a maxi-
mum that corresponded reasonably well with the
changes in molecular weight, which was felt to pos-
sibly result in some plasticization of the material.
The maximum also corresponded to changing den-
sity for samples that had been aged for a long time.
Molecular weight and density changes for the sam-
ples are shown in Table 1.

It is obvious that the complete understanding of
the impact of structural recovery on the failure of
polymers is not currently at hand. Recent work by
Arnold [31] has shown that the increasing lifetime
observed on aging of the PMMA (at 22.5 °C) is not
repeated for polystyrene. This may not be surpris-
ing given the strong correlation between the vis-
coelastic and failure responses of PMMA, which
have yet to be demonstrated for other polymers.
However, this is an important effect and the physics
governing it are not nearly as well defined as are
those that describe the structural recovery itself.

182

Finally, to our knowledge there has been little work
performed to examine the impact of aging on the
fatigue lifetimes of polymers under dynamic loading
conditions.
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Fig. 20. Double logarithmic representation of the aging time
shift factor a,, vs aging time f. for a poly(methyl methacrylate)
glass aged at 80 °C and tested at 22.5 °C. Peak in data correlates
with onset of chemical degradation (see text for discussion; after
Ref. [30]).

Table 1. Apparent molecular weights and densities of PMMA
samples after thermal treatment

Thermal Density
treatment M M, (g/em?)
As received 4.85x10° 8.22x10° 1.1887
Quenched from 120 °C

to 23°C 4.42x10° 8.13x10° 1.1887
Aged 1 h at 80°C 4.52x10° 8.18x 10° 1.1884
Aged 11 d at 80°C 4.26x10° 7.8%x10° 1.1889
Aged 125 d at 80°C 3.02x10° 5.62x 10° 1.1905
Aged 254 d at 80°C 2.54 x 10° 5.03x10° 1.1888

* The samples were initially heated to 120 °C for 1 h followed by
quenching to 80 °C.

*The relative error in the determination of these quantities is
estimated to be about 10%.

¢ Estimated relative error in measurement is 0.0003 g/cm3.

5.3 Implications for Performance of Composite
Materials

The performance of composite materials is the
result of a complex interaction among the reinforc-
ing fiber, the polymer matrix and the fiber/matrix
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interface [32]. In fact, in many senses composites
are not materials but rather material systems or
structures. Then good design must include a thor-
ough understanding of the behaviors of the individ-
ual components as well as the ways in which they
interact. Thus, for example, the interlaminar prop-
erties of a composite may be resin or matrix domi-
nated, but restraints imposed by the stiff fibers will
influence the matrix and interface properties. Be-
cause the composite structure is complex and be-
havior depends upon the specifics of each system, in
the following paragraphs we will simply make a gen-
eral case that structural recovery or aging of the
resin can be expected to significantly impact the
performance of many, if not all, composite systems.

In Fig. 21 we depict the possible interactions be-
tween the matrix properties and the potential influ-
ence of the aging process on composite behavior. As
can be seen, with the exception of chemical aging,
which to a first approximation may not be signifi-
cantly affected by the physical aging process, there
are many possible routes for the matrix properties
to change with a resulting change in the perfor-
mance of the composite. Of course, the changes will
not always be detrimental. During the course of
structural recovery the creep compliance shifts to
longer times, which can be expected to improve in-
terlaminar creep resistance and off-axis creep resis-
tance. Similarly, an increase in matrix yield stress
may enhance transverse tensile strength. At the
same time, interlaminar fracture toughness might

be expected to be adversely affected. Finally, as
noted in the figure, the fact that the dimensions of
the matrix vary with the entire thermal history, can
lead to residual stress build-up in composite sys-
tems. Understanding how processing histories af-
fect the residual stresses can improve the
manufacturing procedure to improve performance.
Furthermore, changing the residual stresses and
their relaxation behavior can lead to better control
of system dimensions over the lifetime of the com-
posite. Below we outline an example in glass to
metal seals that illustrates how the understanding
of the structural recovery of glasses was used to un-
derstand a failure in a hermetic seal.

In glass to metal seals used in electronics applica-
tions for the Department of Energy it is desirable to
have the glass that seals the inner metallic core be
under a residual compressive stress to prevent long
term cracking of the seal. In the case reported by
Chambers [33], tensile cracking was occurring in the
seal in spite of the thermoelastic analysis prediction
that the glass should be under a residual compres-
sion. At that time Chambers implemented a finite
element analysis that took into account the struc-
tural recovery of the glass seal during the cooling
stage of the seal formation. For the analysis, the
structural recovery was modeled using the
Narayanaswamy [9]-Moynihan [10] formulation of
the structural recovery physics described above.
The nonlinear material response that results upon
cooling through the glass transition range was found

'IMPORTANCE OF PHYSICAL AGING IN COMPOSITES]

—All Polymers undergo physical aging

~The performance of fiber reinforced composites depends on
a complex interplay of fiber/matrix/interface.
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Fig. 21. Depiction of importance of structural recovery or physical aging upon the

performance of composite materials.
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to cause a large residual tensile stress in the glass at
the temperature at which cracking was observed to
occur. This is depicted in Fig. 22. The important
point here is that a lack of understanding of the
phenomenology of the structural recovery that tells
that the volume changes are more complex than
those given by a simple thermo-elastic analysis (i.e.,
simply taking the differences in coefficient of ther-
mal expansion) lead to a failed part. Similar effects
can be expected for fiber reinforced composites. In
the case of the Chambers [33] analysis it was possi-
ble to model different processing conditions (cool-
ing histories) that would lead to a significant
reduction of the tensile stress and a reduction of
seal failure.
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Fig. 22. Finite element model predictions of stress history upon
cooling of a glass-metal seal. Tensile stress arises due to struc-
tural recovery nonlinearities. Thermo-elastic analysis resulted in
a compressive stress of — 6.7 MPa. (After Ref. [33], with permis-
sion.)

6. Glassy Physics and the Modeling of the
Behavior of Polymers and Composites

From the above discussions it is readily apparent
that there is a significant body of knowledge that is
available to model the structural recovery of poly-
meric glasses. Such knowledge is important in the
ability to develop computational models that are
useful in predicting polymer material and com-
posite system behaviors. In this section we will
briefly discuss the development of such models and
the ingredients necessary to implement them. Our
perspective will begin with the constitutive models
that describe the mechanical response of the mate-
ria. (The reader is reminded that the
Narayanaswamy {9]-Moynihan [10] and KAHR [11]
models provide the constitutive equations to de-
scribe the structural recovery). From there we will
discuss some physical evidence that exists to suggest
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that certain classes of constitutive equations are not
correct. We will suggest some areas of work that
should be vigorously pursued and finally we will ar-
gue that, although the computer power currently
available is insufficient to handle the full modeling
problem, it soon will be and the technological com-
munity needs to be ready to implement current and
future knowledge relevant to the models we de-
scribe when computing power catches up with our
knowledge.

6.1 A Brief Look at Some Nonlinear Constitutive
Equations

Although there is a considerable body of knowl-
edge concerning the nonlinear response of polymer
melts and solutions, much of the work dealing with
the behavior of engineering polymers has been
devoted to plasticity and yield. Below the yield
point these materials are, from this writer’s view,
viscoelastic and the correct constitutive description
of their behavior will need to fall into that category.
Therefore, we will not consider plasticity equations
and will limit ourselves to the nonlinear viscoelastic
constitutive equations.

The development of nonlinear constitutive equa-
tions is a very sophisticated field that we do not in-
tend to thoroughly survey. Furthermore, the
general multiple integral equations, while they have
been used with success in some cases [34, 35] are
very cumbersome to use both experimentally in the
number of experiments required for the determina-
tion of material properties and computationally.
Rather, we want to look at a class of single integral
nonlinear constitutive laws that we refer to as re-
duced time or clock type equations and comment on
their potential and the need to further evaluate
those that appear to be promising.

The type of equation that describes the nonlinear
structural recovery that was discussed previously
falls into the category of reduced time equations.
The material clock in the Narayanaswamy [9]-
Moynihan [10] and KAHR [11] equations depends
upon the instantaneous structure of the glass. (See
Eqgs. [7-10].) Similar classes of equations have been
developed for polymer viscoelasticity and we
describe those here.

6.2 The Schapery Model

One of the first nonlinear viscoelastic models of
polymer solids to use reduced time variables was
developed by Schapery [36, 37] in the 1960’s and
this model is still valuable today because the mate-
rial response functions can be reasonably easily



Volume 99, Number 2, March-April 1994
Journal of Research of the National Institute of Standards and Technology

evaluated in the laboratory and there is reason to
believe that computationally it will be relatively
easy to implement in finite element codes. Further-
more, the Schapery model has a formulation for
both strain as a function of stress history and stress
as a function of strain history—a problem that is of-
ten difficult to treat in some of the constitutive
equations that have been developed. Thus, both
creep and stress relaxation can be handled, albeit
with different material property functions.

The creep formulation (strain as a function of
stress) is as follows:

e=goooa+glj dTAD(‘I’—‘I”)—ngZtE, (12)
0

where € is the strain, o is the stress, Do is the zero
time compliance, AD is the time dependent part of
the compliance, 7 is the dummy time variable, the
g’s are material parameters. The reduced time ar-
guments are defined by

11'=J dt'fa, (a.>0) (13)
0

V=¥ (r)= LT dt’'/a, , (14)

where a, is the stress shift factor. A similar set of
equations was developed for the relaxation formu-
lation (stress as a function of strain) as

dhze

o=hEee+hy L dr AE (£-£) 55,

(15)

where the h;’s are material parameters and the re-
duced time arguments are defined as

£= J: dt'fa. (a.>0), (16)

&=¢(n)= L dt'/ac, amn

a. is the strain shift factor.

In the Schapery formulations the reduced times
are introduced in a way that is similar to that for
time-temperature superposition in the sense that
the strain shift factor and the strain or the stress
shift factor and the stress both appear on the same
side of the equation. Thus, unlike the structural
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recovery equations in which 8 depends on tempera-
ture history and itself through a; [Eqgs. (7) and( 8)]},
the nonlinearity is simpler and the equations easier
to handle. Also, material nonlinearity is introduced
through the material parameters h; or g. These
equations have been used with some success and
should be further evaluated because of their poten-
tial computational ease. There have also been some
recent results [38] that indicate the possibility that
the Schapery equations may be inadequate without
modifications to treat all deformation or stress his-
tories.

6.3 The Zapas Strain-Clock Model

One of the most successful nonlinear viscoelastic
models used in melt and solution rheology was the
BKZ theory of Bernstein, Kearsley and Zapas [39].
In the mid-1970s Zapas [40] proposed a modifica-
tion of this BKZ model that would include a strain
clock reduced time and attempted to apply the
equation to the description of solid polymers. The
formulation for the modified BKZ is tensorial in na-
ture, for simplicity here we will deal with that in
simple shear:

)= [ )= v G- Iy O=(2),

o@t, )} (¢, 7), y(r), t —7)] dr, (18)
where o, is the shear stress, v is the shearing strain,
t is current time and 7 is past time. G+(y,t) is the
derivative of G at the second argument, where
G(v,t) is the nonlinear relaxation modulus. The
strain clock which gives the reduced time is defined
as

@y (), v (1), t—T)]=£da

[y (), v (2), t = M)] dL2. (19)

The strain-clock in the modified BKZ theory is a
function of the entire strain history, as defined by
Eq. (19). Note that again the strain-clock function
(shift function) appears on the same side of the
equation as does the strain —again a different form
of nonlinearity from that seen in the
Narayanaswamy [9}-Moynihan [10] and KAHR [11]
equations for structural recovery. Additionally, the
modified BKZ theory shown here does not have a
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ready creep formulation, which can limit its versatil-
ity. As formulated it is also limited to incompress-
ible materials. Both of these problems can be
overcome by further development if the model is
demonstrated to be useful in laboratory tests. The
model will be more difficult to implement than was
the Schapery [36, 37] model. It may, however, prove
to be more general, although there has been little
work done to demonstrate its utility, McKenna and
Zapas [41] showed that it could be used to describe
the two step behavior of a glassy PMMA in torsion
and found that the clock function required to de-
scribe the shearing response also described the nor-
mal stress response in the same experiment.

6.4 The Bernstein-Shokooh Stress-Clock Model

In the Bernstein-Shokooh [42] stress-clock
model, again the BKZ theory serves as the starting
point. Now, however, the material time is assumed
to depend upon the stress. The equations in simple
shear can be written as

o = [ (G- 1y =), 86 )

b, () dr. (20)
Where now b, is the stress shift factor and the re-
duced time B(t,7) is defined as

Bt )= er(, (s) ds. 1)

As in the BKZ theory [39] itself, the Bernstein-
Shokooh [42] stress-clock model is formulated for
stress relaxation. However, unlike either the
Schapery [36, 37] model or the Zapas [40] strain-
clock model, the shift factor depends upon the de-
pendent variable as is the case for the
Narayanaswamy [9]-Moynihan [10] and KAHR [11]
models. Thus, in Eq. (20) we find that the stress de-
pends upon itself through the reduced time. Bern-
stein and Shokooh [42] showed that if one linearizes
the equations in the strain (take the small strain
limits), then one can invert Eq. (20) to arrive at a
creep formulation as well as the relaxation formula-
tion. Nonlinearities still arise because of the depen-
dence of the time on the stress. The creep equation
for simple shear is

')’12(t) =120 (t) Jo+ 1/2[(; J[B([, ’I')]

o1z (t) b, (7) d7) (22)
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and the symbols have the same meaning as above.
Note that this is the “linearized” form for the creep,
therefore the compliance J depends not on strain
but on the reduced time only.

The stress-clock formulation gives qualitative be-
havior that one observes in solid polymers. How-
ever, to this author’s knowledge the constitutive law
has not been tested for data from creep or relax-
ation in solid polymers. Laboratory evaluation of
the model is obviously required.

6.5 Volume Clock Models

There have been several attempts in the litera-
ture to use volume (or free volume) clocks to de-
scribe the nonlinear viscoelastic behavior of poly-
mers [43-45]. In this paragraph we present the con-
stitutive model developed by Knauss and Emri [45].

Knauss and Emri [45] define a reduced time in
terms of a shift factor ¢ [T, C, o] where the func-
tional forms of temperature T, concentration C and
stress o dependences are formulated from “free”
volume considerations. Then one can write the
isothermal, nondiluted response as:

si=2| wzo-zen®ia @)

w=3| Kkzo-z@1 % a9

where Z is the reduced time, S; are the deviatoric
stresses, e;; are the deviatoric strains, 7k« is the first
stress invariant and p(t) and K(¢) are material
functions. @(¢) is the dilatational strain in the sam-
ple and is related to 7k« through the bulk creep
compliance M (t) and determines the reduced time

20-2'©= |, g5 (25)
0(t)=1/3 M(1)*d mx , (26)

where the * denotes a Stieltjes Convolution opera-
tion.

Again we see that material nonlinear behavior
can be modeled by the use of a material time that
runs differently from the laboratory time. In this
case, the volume clock depends upon the hydro-
static pressure [Eq. (26)] which affects both the
deviatoric (distortional) components of the stress
[Eq. (23)] as well as the dilatational components
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[(Eq. 24)]. Upon applying Egs. (23-26) Knauss and
Emri [45] show that yield-like behavior can be
achieved in simple extension. However, in isochoric
motions, such as shear, or volume decreasing mo-
tions, such as compression, these equations would
not give a yielding response since the material time
would either be the same as the laboratory time
(shear) or the material time would shift to longer
times upon decreasing the volume (compression).

The equations of Shapery [36, 37], Zapas [40, 41],
Bernstein [42] and Knauss and Emri [45] all have
some similar structures and can reproduce some of
the features of nonlinear behavior of glassy poly-
mers. The question arises, of course, of how one
distinguishes among these potentially useful mate-
rial descriptions. Obviously laboratory tests can be
used to test them directly but these can be tedious
and one would like to have some physical basis on
which to select which equations to evaluate. We
cannot make this evaluation today. However, in the
next section we discuss some of the physics of clocks
with the intent of providing some ideas and
thoughts that should serve to guide such evalua-
tions.

6.6 The Physics of Clocks

In a sense the physics of material clocks is not
well developed, although obviously the mathematics
is. Schapery’s [36, 37] model is developed from con-
siderations of nonequilibrium thermodynamics and
the clock functions or shift factors can be related to
second and third order terms in the entropy produc-
tion and the Gibbs free energy. Obviously, further
developments in the relaxation of complex systems
need to be made before the full physics is under-
stood.

From a phenomenological point of view, the
clock idea is straightforward. The molecular mobil-
ity that determines the structural recovery, stress
relaxation, or creep (i.e., of the system dynamics) is
dependent on a state variable, applied stress or
strain, strain history, etc., in a specific way. In par-
ticular, the relaxation or retardation function that
describes the material behavior shifts rigidly along
the time axis. If such constitutive laws are to be rea-
sonable descriptions of material behavior, the cor-
rect variable that shifts the mobility or time scale of
the material must be chosen and the constitutive
law must incorporate the shift in the correct way.
Because of the complicated nature of the nonlinear
phenomena, attempting to validate the clock func-
tions is difficult and there have been few systematic
attempts to determine how well these functions
work. In fact, here is not the place to make that

evaluation. However, we do want to present some
data that suggest that the volume clock, while a de-
cidedly attractive approach to nonlinear viscoelastic
constitutive law development, incorporates the
wrong physics. This is not to say that the others are
more correct, it is just that it is a simpler task to test
the physics of the volume clock than the others
where the physics is more obscure and less readily
tested.

6.7 Some Evidence Against Volume Clocks

In fact the evidence against the volume clock was
presented earlier in this paper. Recalling the mea-
surements in which we observed the physical aging
of an epoxy glass near to the glass transition at the
same time that we measured the volume recovery,
one can replot the data as log(a:) vs 8. This is done
in Fig. 23. As seen in the plot, log(a.) reaches a
(nearly) constant value before the volume reaches
equilibrium at & =0. If the volume clock approach
were correct, then equilibrium would be attained
simultaneously. Obviously there is a lack of one-to-
one correspondence between the volume and the
evolving mechanical properties. Our suggestion has
been that a strain or stress clock might be a better
description of the response. These would also ex-
plain why such phenomena as the apparent rejuve-
nation observed by Struik [13] occur in tension,
compression and shear where the volume changes
are very different. In addition, the stress and strain
clocks allow for the description of large deforma-
tion behavior such as yield in compression and
shear. Quantitative descriptions remain to be
tested.
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Fig. 23. Comparison of aging time shift factor (log a..) evolu-
tion towards equilibrium with that of volume departure (8). See
text for discussion. (Data from Ref. [16].)
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7. The Importance of Understanding the
Physics of Glassy Polymer

In the above we have reviewed the phenomenol-
ogy of the structural recovery of polymer glasses
(and inorganic glasses as well). The equations that
describe the nonlinearities incorporate two major
premises. First, the concept of a material clock in
which the mobility of the glass (hence the structural
recovery kinetics) depends explicity on the thermo-
dynamic state through a shift factor as. Second,
there exists a material retardation function that is
nonexponential in nature. It has historically been
represented as a distribution of retardation times or
a stretched exponential KWW function. We have
seen how the understanding of how the material
properties, through a reduced time, depend upon
themselves leads to a description of otherwise com-
plicated nonlinear behaviors.

The nonequilibrium nature of glassy materials
impacts significantly the performance of polymer
glass formers. Not only does the volume evolution
result in a material whose dimensional stability is
very problematical, it also leads invariably to
changes in the engineering properties of the mate-
rial. These changes can result in improved or dete-
riorated performance. Also, we have shown how the
inherent instability of glass forming systems can
lead to unexpected consequences in composite sys-
tems. Unexpected residual stresses, dimensional
changes, and the like can all result from the
nonequilibrium nature of glassy matrices in com-
posites and other two component systems. Under-
standing the underlying phenomenology of the glass
formers can lead to better process control to mini-
mize problems.

Finally, we discussed the use of material clocks to
describe the nonlinear viscoelastic behavior of solid
polymers. The equations incorporate material time
functions that depend upon stress, strain or volume.
They have been shown to mimic, at least qualita-
tively, many of the observed nonlinear behaviors of
polymeric materials in mechanical tests. However,
there has been little in the way of systematic evalu-
ation of either the physics behind the clock func-
tions or the range of usefulness of the constitutive
equations that result. In the last paragraphs of this
paper we argue that the time is right to make those
evaluations.

In the example above that showed that the non-
linear behavior of glass forming systems can lead to
surprising tensile stresses in glass-metal seals, we
presented a vision of the future. In this instance,
Chambers [33] and his co-workers were able to use
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known physics and apply them to a specific problem
in a finite element code. Going the next step to
more complicated geometries and incorporating the
material clock functions into the mechanical behav-
iors in addition to the volume recovery behavior of
the glassy material will require a major effort. If
that effort is successful, however, a large benefit
will be reaped. In almost all manufacturing of poly-
mers into two component systems, be they com-
posites or electronic packaging, the polymer starts
off in a “liquid” state and passes through a glass
transition —either thermally or chemically. The
parts then are cycled thermally and internal stresses
(residual stresses) build up in the systems. These
stresses can lead to failure (as in the glass-metal
seal example) or to problems with dimensional sta-
bility or both. Successful implementation of com-
puter codes to describe this behavior is important
and possible. It will provide the ability to design
processes in a way that reduces the number of iter-
ations required to manufacture a component with
“zero” defects. The barriers to the implementation
of codes for complex parts are the following: 1)
Computer power; 2) Acceptance and validation of
appropriate nonlinear constitutive laws; 3) Lack of
physical data (measurements) for the materials.
As long as the computer power has been insuffi-
cient to implement codes with sufficient complexity
to reflect the true nature of the problem, we have
been reluctant to move forward in the full develop-
ment of the appropriate constitutive models. Now
the computer power is catching up. The glass-metal
seal problem is a simple one, but incorporates part
of what is required — the nonlinear phenomenology
of the Narayanaswamy [9]-Moynihan [10]-KAHR
[11] models of structural recovery. The nonlinear
stress and strain viscoelastic constitutive laws could
be incorporated into codes for simple systems as
well. However, the constitutive laws need to be val-
idated. This means testing the categories described
above in the range of temperature, stress and strain
relevant to processing of polymers and their com-
posite systems. From the point of view of computing
these cannot be fully implemented for complex sys-
tems at this point in time. However, it would be a
shame to begin the evaluation of such constitutive
laws only after ten years or so when computers will
be able to do the calculations. Therefore, we argue
that there is a need for a coordinated effort to 1)
examine the physics of material clocks; 2) establish
experimentally their ability to describe the non-
isothermal, nonlinear creep and relaxation of glass
forming polymers (both amorphous and semi-
crystalline) in multiple deformation geometries
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(tension, compression and shear); 3) develop effi-
cient computer codes that can be validated in sim-
ple two component systems. Then, when computer
power reaches its next levels, it will be a relatively
straight forward task to implement finite element
codes for complex problems. Current knowledge is
now sufficient to make this breakthrough. The only
thing that is lacking is the will and coordination to
do it.
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1. Introduction

Standard Reference Material (SRM)-484 is a
sample for calibrating the magnification scale of a
Scanning Electron Microscope (SEM). The SRM
consists of nickel layers separated by thin layers of
gold. Individual samples are mounted so that the
layers are viewed in cross-section and appear as
thin gold lines in a nickel substrate. The distances
or spacings between the gold lines are certified for
calibrating the magnification scale of an SEM. The
latest issue, SRM-484f, was certified for five spac-
ings, nominally of 0.5 pm, 0.5 pm, 1 um, 3 pm, and
5 wm. A micrograph is shown in Fig. 1. However,
issues prior to 484f contained spacings between 1
pm and 50 pm.

SRM-484 was developed by Ballard at the Na-
tional Bureau of Standards (now NIST) in 1977 [1].
The first three issues, SRM-484, SRM-484a, and
SRM-484b, were calibrated using an electron mi-
croscope by comparing the micrograph of each
sample against the micrograph of a master sample
which had been measured with the NIST line-scale
interferometer system [2]. In 1980, studies by Swyt,
Jensen, and Hembree [3,4,5] led to the develop-
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ment of a system for direct calibration. This system,
which combines a field emission scanning electron
microscope with an interferometer system, has
been used for calibrating SRM-484 since 1981 with
only slight modifications over the years. It has also
been used for confirming the diameters of
polystyrene spheres with nominal values of 3 um,
10 pm, and 30 pm. The approach is a pitch mea-
suring technique as shown in Fig. 2. More in-depth
detail can be found in Refs. [6], [7], and [8].

2. Physical Properties

The fabrication process developed by John
Young and Fielding Ogburn at NIST involves elec-
troplating a layer of bright nickel onto the surface
of a thin Monel sheet and subsequently electroplat-
ing alternate layers of gold and nickel to produce
layers of desired thickness between the gold layers.
The gold layer thicknesses are controlled to 200 nm
or less. The sheet is vacuum heat treated at 265 °C
for 16 h to relieve the residual stress in the layers.



Volume 99, Number 2, March-April 1994
Journal of Research of the National Institute of Standards and Technology

808253 1d.@kV ¥2.@

Fig. 1. A micrograph of SRM-484f.

Several composite sheets have been produced by
this process, each containing between five and ten
spacings in the range of 0.5 um to 50 pm. For each
issue, individual samples of size 9 mm X9 mm are
sheared from a sheet and mounted sideways in a
steel holder for metallographic polishing. Normally
in a polishing process, soft material is removed
faster than hard material, but images from a scan-
ning tunneling microscope (STM), an atomic force
microscope (AFM), and a stylus profilometer all
reveal that, after polishing, the gold lines of the
SRMs protrude about 30 nm above the nickel sur-
face (Fig. 3). We speculate that a hard gold-nickel
alloy may have been formed by the heat treatment,
or the removal rate of nickel is faster than that of
gold due to the chemo-mechanical effects in the
polishing.

192

Intensity

0 10.0171 20.0184

Distance (um)

Fig. 2. Micrograph of 3 pm latex spheres and the measured
data of backscattered electron intensity versus distance.

3. Instrumentation

The measuring system consists of a VG-HBS0A
field emission scanning electron microscope,
HP5526A laser interferometer, piezoelectric dis-
placement stage, wave generator and Digital
MINC/DECLAB 23 computer’. A system diagram
is shown in Fig. 4. A 30 kV, 5x107® A beam is
used. Such a low beam current is necessary to mini-
mize contamination marks on the SRMs. A scintil-
lator back-scattered electron (BSE) detector,

Certain commercial equipment, instruments, or materials are
identified in this paper to specify adequately the experimental
procedure. Such identification does not imply recommendation
or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.
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Fig. 3. An AFM image of one of the SRM-484¢ samples. The
section profile shows the height of the lines. The height of the
left most line is =24.5 nm. The height of the third line from the
left is =23.6 nm.

rather than a secondary electron detector, is used
because of the strong material contrast between
gold and nickel [9] for backscattered electrons. The
vacuum in the sample chamber of the SEM is
maintained at 3 x 10~7 Pa during calibration.

In ordinary SEM operation, the electron beam is
scanned across the sample to obtain the image;
however, for SRM-484, the electron beam is held
stationary. The SRM is carried by the piezoelectric
displacement stage [10] and scanned across the
beam. The stage motion is driven by a high voltage
power supply (not shown in Fig. 4) whose output is
controlled by a programmable wave function gen-
erator. The reflector of the measuring leg of the
interferometer is mounted on the stage. A polariz-
ing beam splitter and the optics of the reference
leg are held stationary on the platform adjacent to
the stage. A schematic diagram of the optical sys-
tem is shown in Fig. 5.
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Fig. 4. System diagram of the NIST metrology electron micro-
scope.
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Fig. 5. Schematic drawing of the optical system of the metrology
electron microscope.
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As the stage scans, the computer records both
the displacement of the stage as measured by the
interferometer, and the current of the backscat-
tered electrons collected by the BSE detector.
Each scan takes 48 s to complete during which time
2000 pairs of distance measurements and intensi-
ties are collected. The time interval between data
points is approximately 25 ms. This is equivalent to
a distance of approximately 6 nm for SRM-484f
and 30 nm for the other issues which were mea-
sured at higher scanning speeds. The distance be-
tween the centers of any two gold lines is computed
as the difference between position readings under
the two corresponding intensity peaks. A typical
plot of SRM-484f data is shown in Fig. 6. The
peak-to-peak measurement technique produces an
unbiased estimate of the spacing between the two
gold lines. The measurement problem is quite dif-
ferent from the linewidth measurement problem
[3,4,11] where an unbiased estimate of width re-
quires a left-edge to right-edge determination. The
pattern of lines for SRM-484 prior to 484f is shown
at the top of Fig. 7, and SRM-484f is shown at the
bottom. An example of certified spacings is shown
in Table 1 for SRM 484f.

Table 1. A typical set of certified values for SRM-484f

Spacing Nominal value Certified value
lines 1-0 0.5 pm 0.568 pm
lines 2-1 0.5 pm 0.579 pm
lines 3-2 1 pm 1.108 pm
lines 4-3 3 pm 3.308 pm
lines 5-4 S pm 5.392 pm
¢

£

@

3 B 8 3
Distance jm

Fig. 6. A plot of measured BSE signal versus distance for one
SRM from issue 484f.
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Fig. 7. The lines pattern for SRM-484a-e (Top) and 484f (Bot-
tom).

4. Measurement Procedure

Although the measurement procedure has varied
slightly from issue to issue, for the last four issues it
has always involved multiple scans for estimating
the effects of both instrumental error and non-par-
allelism of the gold lines. For issue 484e, each sam-
ple was scanned across the beam three times at
each of three positions; for issue 484f, the number
of positions was increased in order to check on par-
allelism, each sample being scanned across the
beam nine times. The first three scans were at the
same location along the Knoop indentation mark;
the remaining six scans were at evenly spaced inter-
vals that span 15 pm above and below the indenta-
tion mark. Approximately 150 samples were
individually certified for each issue. During the pe-
riod of calibration of the issue, which lasts approxi-
mately 3 months, a master sample, previously
measured by the NIST line-scale interferometer
system, and a control sample, selected at random
from the samples in the current issue, are mea-
sured periodically in exactly the same manner as
the SRM samples. The measurements on the con-
trol sample are made with sufficient regularity to
cover the SRM certification in fairly even time in-
crements and sample the range of experimental



Volume 99, Number 2, March-April 1994
Journal of Research of the National Institute of Standards and Technology

conditions. The history of measurements on spac-
ing 0-1 of the control sample for SRM-484f is
shown in Fig. 8.

5. Components of Uncertainty

The uncertainties quoted in the calibration cer-
tificate for SRM-484f and its predecessors were
based upon an analysis of uncertainty arising from
random and systematic components, as described
by Eisenhart, Ku, and Coll¢ [12]. Since the is-
suance of the calibration certificate, a new NIST
policy and associated guideline document [13] were
issued for the evaluation and expression of the un-
certainties of NIST measurement results. This new
policy, among other things, classifies uncertainty
components according to whether they are evalu-
ated by statistical methods or by other means, and
deemphasizes the use of the terms “random” and
“systematic.” Future calibration certificates and
publications concerning the SRM-484 series will
follow the new NIST guideline. However, the anal-
ysis here is based on the discussion of uncertainty
in previous calibrations.

The total uncertainties for the measured line
spacings are classified into random and systematic
components. The random component of uncer-
tainty depends on (1) instrumental precision, (2)
the raggedness or lack of parallelism for the gold
lines which causes disparities among positions on

the sample, and (3) long-term measurement preci-
sion. The systematic component of uncertainty de-
pends on the relationship between the measured
value of line spacing and that realized through line-
scale interferometry. A detailed description for
each component is given below.

1) Instrumental precision is estimated from repeti-
tive scans made at the same position on each
sample. For SRM-484e, there are three scans at
each of three positions and for SRM-484f, the
only repetitive scans are at the center position
on each sample. The measurement of the ith
scan at the kth position is denoted by xi
(i =1,+,I; k =1,~K). Estimates of instrumental
precision are made according to

1 I 12
Sinst = ((_1_:1—) 51 (xix —xx )2) ,

where

2) Between-position precision is estimated from
the measurements at K distinct positions by

1 X

Sposition = ( K-1) k§1 (xx —x~-)2)

12
’
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0.0163 um
058 l 30 Upper Control Limit
H /
o 0.56*/\// LA \/T
£
%)
©
7]
0.54 1 30 Lower Control Limit
052 \\Il]ll\l\\l\ll\\llll|!|\!I\\\IIJI\IX!\J%\]\I}IJ_J
Jan. Feb. Mar. Apr.

1991

Fig. 8. Control chart showing the 0.5 pm spacing measurements on the control sample for SRM-484f.
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where
1 K
*=K k§1 Tk

The estimates of instrumental precision are
pooled [14] over positions and the n samples to ob-
tain an overall estimate, Gin, and the estimates of
between-position precision are pooled similarly to
obtain an overall estimate Gposiion (the caret * sym-
bolizes a statistical estimate from data). Any lack
of parallelism is revealed in the standard deviation,

2 1 2 2
Olack = (o'position - Z)' Uinst) .

For issue 484e, the value of I, equals 3; for issue
484f, the value of Iy equals 1.2 to account for the
unequal number of scans at the seven positions
[15]. The results of the calculations for both SRM-
484e and SRM-484f are shown in Table 2. A com-
parison of G and Gposiion Shows that Gl is
significant for issue 484e, especially for the larger
spacings, indicating a general lack of parallelism
for the SRMs in this issue. For issue 484f, G is
negligible indicating that, in general, parallelism is
not a problem for this issue. However, an individ-
ual sample from issue 484f could have parallelism
problems if sposiion for that sample is excessively
large; i.e., if

Tinst

1.2°

Sposition > \/Fo.05(6,2n)

where Fo05(6,2n) is the upper 5 percent point of
the F distribution with 6 degrees of freedom in the
numerator and 2n degrees of freedom in the de-
nominator. Only 5 percent of issue 484f fell into
this category as should happen by chance; nonethe-
less, samples with large standard deviations were
examined and remeasured for confirmation.

3) A total standard deviation, s,, is estimated from
the M calibrations on the control sample where
the average value over all scans for the mth cal-
ibration is denoted by y. (m=1,~M). For
SRM-484f, the standard deviation is given by

g B 2)1/2
2 Om=y))

_(L
S =\M -1

where

The quantity s, as shown in Table 2, accounts for
both instrumental precision and long-term effects
which cannot be controlled in the laboratory. For
SRM-484e, the total standard deviation was esti-
mated for each position and then pooled over posi-
tions so as not to include parallelism problems.

Table 2, Component standard deviations, um

SRM-484¢
Instrument Position Total
Spacing Ginst df Grosition df 5t df
1 0.029 1164 0.020 350 0.0167 117
2 0.031 1164 0.020 350 0.0193 117
5 0.031 1164 0.021 350 0.0199 117
10 0.031 1164 0.022 350 0.0210 117
30 0.032 1164 0.032 350 0.0239 117
50 0.032 1164 0.072 350 0.0361 117
SRM-484f
Instrument Position Total
Spacing Finst df Gposition df St df
0.5 0.012 318 0.012 954 0.0071 44
0.5 0.014 318 0.014 954 0.0067 44
1 0.013 318 0.014 954 0.0085 44
3 0.016 318 0.015 954 0.0117 44
5 0.018 318 0.017 954 0.0172 44
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4) Systematic error relative to the defined unit of
length was studied with measurements on a
master magnification sample which has been
measured several times with the SEM and sev-
eral times with the NIST line-scale interferome-
ter system. The line-scale system has an
estimated (30) uncertainty of 0.01 pm. Differ-
ences between values obtained with the line-
scale system and values obtained with the SEM
help to identify systematic errors in either sys-
tem. The uncertainty (30) of measured differ-
ences between the SEM and line-scale system is
approximately 0.1 pm. The differences, as
shown for issues 484e and 484f in Fig. 9, are
within this uncertainty. For issue 484¢, the dif-
ferences are fairly randomly distributed about
zero with a maximum of 0.012 pm and a mini-
mum of —0.018 pm. For issue 484f, the differ-
ences are larger with a maximum of 0.046 pm
for the 10 pm spacing.

The fact that the majority of the differences are
in one direction for issue 484f may result from the
treatment of the master sample. The SEM mea-
surements are made on a smooth surface and the
line-scale system requires an etched surface to in-
crease contrast. The master sample was etched and
measured with the line-scale system and then pol-
ished and measured with a SEM. The polishing

process may remove enough material to slightly
change the spacings relative to the etched surface.
Although we do not treat the differences as being
significant for the uncertainty statement, research
in this area is continuing.

6. Certification and Uncertainty

Distances between the centers of gold lines are
individually certified, and the certified region is lo-
cated relative to a Knoop indentation. The certi-
fied value for each spacing is an average of all
measurements, and the certification is valid within
15 pm of either side of an imaginary line extending
from the Knoop indentation normal to the gold
lines. The random component of uncertainty takes
into account instrumental variability, long-term
measurement fluctuation and any parallelism prob-
lem which affects the 15 um region to either side of
the center.

For issue 484e, the standard deviation of the cer-
tified value is

1.,
s=(si+3 Ock).

Because of the parallelism problems with the
SRMs in this issue, the random component of

0.04
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=1 MEM = Metrology Electron Microscope
© L
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«
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II\
s Y 7
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Fig. 9. Difference between measurements made by line-scale interferometer and SEM on the master

sample.
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uncertainty is reported as a statistical tolerance in-
terval using an approximate Bonferroni [16] limit,

vl/2
L =25 +—— Glack Zpp2.
X20.05 ac! ‘pi2

The first term in L represents a confidence limit
and the second term represents an upper bound
due to i Where x5 is the lower 5 percent point
of the x? distribution with v degrees of freedom,
and v, the degrees of freedom associated with Gac,
is obtained from the Welch-Satterthwaite approxi-
mation [17]. The quantity Z,, is the upper p/2 per-
cent point of the normal distribution with p =0.05.
The interpretation is that the interval defined by
the certified value of spacing *L provides cover-
age for at least 95 percent of the spacings within
the certified region at a confidence level greater
than or equal to 95 percent.

For SRMs without parallelism problems (issue
484f), the random component of uncertainty is re-
ported as 3 standard deviations, L = 3s,,

Historical uncertainties for all issues of SRM-
484 are listed in Table 3. In all cases, the total un-
certainty was reported as + U where U is the linear
sum of the random and systematic components of
uncertainty or U =L + systematic uncertainty. The
systematic uncertainty is considered negligible for
issues 484¢ and 484f.

As an example, we also consider the uncertainty
that would be quoted for SRM-484f under the new
NIST guideline [13]. As discussed above, lack of
parallelism and the uncertainties arising from other
systematic effects have been considered as negligi-
ble. The combined standard uncertainty u. is then
purely statistical and given by u.=s.. The quoted
uncertainty under the new NIST guideline is then
the expanded uncertainty U =2u.=2s,. Therefore,
the expanded uncertainties U would be 2/3 of those
given in Table 3 for SRM-484f,

7. Conclusion

It is essential for all SEM users to know the cor-
rect magnification of their instruments; the SRM-
484 is a sample for calibrating the magnification
scale of SEMs. The certified values of spacings be-
tween gold lines in a nickel matrix are measured
with a metrology electron microscope and com-
pared with line-scale interferometry. Properties of
the SRM and the measurement system result in un-
certainties of approximately 5% for 0.5 um spac-
ings and 1% for 50 pm spacings.
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Table 3. Historical uncertainties for SRM-484

SRM issue Nominal spacing Uncertainty
(pm) (pm)
SRM-484 1 +0.039
2 +0.039
3 +0.039
5 +0.039
50 +0.710
SRM-484a 1 +0.039
2 +0.039
3 +0.039
5 +0.039
50 +0.476
SRM-484b 1 +0.032
2 +0.032
3 +0.056
5 +0.056
50 +0.580
SRM-484c 1 +(0.022
2 +0.028
3 +0.034
5 +0.045
10 +0.078
20 +0.140
30 +0.200
50 +0.360
SRM-484d 1 +0.027
2 +0.033
3 +0.038
5 +0.048
10 +0.085
20 +0.140
30 +0.200
50 +0.330
SRM-484¢ 1 +0.058
2 +0.056
5 +0.061
10 +0.079
30 +0.102
50 +0.251
SRM-484f 0.5 +0.021
0.5 +0.020
1 +0.026
3 +0.035
5 +0.052
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New isotope abundance and relative
atomic mass (atomic weight) values—
with low, hitherto unattained uncer-
tainty —are reported for two previously
described silicon reference materials us-
ing a well-known method with an im-
proved isotope-ratio mass spectrometer.
These new values are directly traceable
to the SI, more specifically to the unit
for amount of substance, the mole, and
independent of the SI unit of mass and
of the Avogadro constant. Besides the
residual mass-spectrometric uncertain-
ties, these new values depend in effect

only on a recently published direct
comparison of the cyclotron frequency
in a Penning trap of Si* with that of
12C+'
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Two new silicon isotope reference materials
(RMs) have previously been announced [1}; IRM-
017? in chips of a silicon crystal (distributed in sam-
ples of about 2 mmol) and IRM-018® in the
chemical form of SiO; (distributed in samples of
about 0.1 mol) [2]. An independent set of absolute
measurements with an improved mass spectrome-
ter [3] is now reported. Some further refinement of
the gas mass-spectrometric measurement has been
achieved. In that method SiF;* ions generated
from a synthetic mixture of highly enriched speci-
mens of Si isotopes are compared with these ions
from the RMs of proven internal homogeneity [4].
Improved data analysis has in the meantime also
been developed and adopted for all “standard
atomic weight” evaluations by the Commission on
Atomic Weights and Isotopic Abundances of the

! Formerly: Central Bureau for Nuclear Measurements.
2 After the renaming of the Institute, these are now labelled
IRMM-017 and IRMM-018.
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International Union of Pure and Applied Chem-
istry [S].

The uncertainties of the measurements here de-
scribed still depend mostly on the mass-spectro-
metrically derived isotope abundance ratios.
However, these uncertainties now approach those
of the best values of the relative atomic masses of
the silicon isotopes. For these masses we have
based our calculations on the recent direct com-
parison in a Penning trap of the cyclotron fre-
quency of #Si* with that of C* [6]. The derived
#Si mass is uncertain by only 1x107% and only
3% 107° higher than the value recently published
by Audi and Wapstra [7] with a marginally lower
estimated uncertainty by taking other measure-
ments into consideration. Uncertainties in recog-
nized values for the atomic masses of *Si and *Si
are negligible because of their low abundances in
terrestrial silicons.

Table 1 summarizes the new results. Their signif-
icance rests on:
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Table 1. Isotopic composition and A,(Si) for both RMs. Expanded uncertainties, U, are
indicated under the digits to which they relate and are computed on a two standard

deviation basis.

IRMM-017 IRMM-018
Abundance ratio New values Previous New values Previous
values [1] values [1]
n(*Si)/in (3Si) 0.050 771 5 0.050 69 0.050 844 2 0.050 83
66 12 48 12
n (*°Si)/n (Si) 0.033 488 9 0.033 52 0.033 585 1 0.033 60
78 10 66 10
Amount (of
substance)
Fraction
#si 0.922 287 7 0.922 33 0922 144 0 0.922 14
86 14 70 14
296i 0.046 825 9 0.046 75 0.046 885 7 0.046 88
58 11 42 11
308 0.030 886 4 0.030 92 0.030 970 3 0.030 98
70 8 58 8
Relative mean
atomic mass 28.085 408 28.085 40 28.085 635 28.085 65
(atomic weight) 15 19 12 19

A(Si)

1) the reduction of the uncertainties by one order
of magnitude;

2) the direct traceability of these values to the
mole, the SI unit for amount of substance, involv-
ing only relative mass measurements of the en-
riched samples, without any absolute mass
measurement based on the kilogram;

3) the ability with these RMs to compare reliably
silicon specimens at the 1077 level of relative
atomic mass (atomic weight) A4.(Si), a level at
which many geological sources and processed ma-
terials can be differentiated;

4) the reliable intercomparisons of these isotopic
RMs with Si SRM 990 of NIST [8] enable the re-
duced uncertainty to be transferred to the latter
without much loss. A value of A,(Si)=28.085
538+0.000 018 might be indicated compared with
the NIST certified value from 1975 measurements
of A.(Si) =28.085 526 +0.000 056.
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