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I. INTRODUCTION

The central electromagnetic calorimeter system for the Collider Detector
at Fermilab was designed to detect and measure the energy of photons,
electrons and positrons emerging from proton-antiproton collisions at 2 TeV.
The system, described in detail elsewhere [l], consists of 480 towers sur-
rounding the intersection region in a projective geometry. Each tower
consists of 30 layers of 0.32-cm-thick lead and 31 layers of 0.50-cm-thick
scintillation plastic, a total of 18 radiation lengths. Light from the scin-
tillators is brought out each end by Y7 doped UVA acrylic wavelength shifters
(wavebars) to two photomultiplier tubes (PMT’s) per tower.

This system has an energy resolution AE/E = 14%/V E , where the energy,
E, is expressed in GeV. Since interesting physics is expected in the region
where E is 100 GeV or more, it is necessary for this system to operate at a
level of 1% accuracy. The problems of calibration, stability, linearity and
uniformity are formidable.

To minimize potential problems, the phototubes and bases in this system
were subjected to extensive pre-installation testing to ensure that each of
them met specifications, to establish operating characteristics and to exer-
cise each for approximately one week to monitor stability and detect early
failures.

A total of 1041 tubes (Hamamatsu Model R580B) and bases were tested for
the central EM calorimeter. In addition, another 687 tubes (Thorn-EMI Model
9902KB06) and bases for the end wall hadron calorimeter [2] were subjected to

similar, but briefer tests in the same apparatus.



This paper is intended as an archival description of the apparatus and
procedures used for these tests and summarizes the results. It is not in-
tended for general distribution.

A shorter version of this report has been published.[3]



II. PHOTOTUBE SPECIFICATIONS FOR CENTRAL ELECTROMAGNETIC CALORIMETER

The apparatus used in this work was designed to test most of the
specifications in the Request for Quotation (RFQ) for the Central EM

phototube. The specifications were:

1. Geometry: head-on, Nl.5-inch ceramic based, consistent with Phillips
XP2012B or Hammamatsu R580., See Fig. 2.1.

2. Gain/Operating Voltage: The tube should operate at a current gain of
4X105. The required high voltage to obtain this gain should be
within *#100 V of the average voltage.

3. Quantum Efficiency: the tubes will be viewing the spectrum shown in
Fig. 2.2. A QE averaged over this spectrum must be at least 8% or at
least 75% of the QE of the average tubé provided, whichever is
greater.,

4, Dark current: less than 5 nA at a current gain of 4X105.

5. Linearity: for a triangular pulse of base 60 ns, the tube must be
linear within *1% up to a peak current of 40 mA.

6. Stability: for fixed high voltage and temperature, the gain times
QE, after burn-in at 5 A for 40 hours, must be stable to less than
1.5% for an average anode current of 2 A over a period of 100 hours.
In addition, the gain should be stable to within *2% over 1000 hours
at an average anode current of 50 nA. |

7. Rate effects: The change in gain resulting from changing average

anode current between 50 nA and 2 }A must be less than 5%.



8. Pulse recovery: the tube current gain must recover to within 2% of
its previous value within 1 ms after a full scale pulse (40 mA peak).

9. Temperature Dependence: The absolute gains times QE of the tubes
must change by no more than 0.52/°C.

10. Useful lifetime: the tubes should be expected to remain within
specifications for 50,000 hours of operation at an average anode
current of 30 nA. For purposes of testing, a subset of tubes will be
subjected to 5 fA average anode current for 300 hours, and 90% of the

tested tubes must pass this test.

For each tube, the manufacturer was required to provide measurements of the
high voltage, pulse height resolution and dark current at a current gain of
4X105 and the QE.

The geometry (Spec 1) was trivially satisfied by the R580B. The measure-
ment of absolute QE is fairly difficult, and it was decided to accept the
manufacturer’s data for Spec 3. (Our tests yield a relative QE for our light
sources which correlates fairly well with the manufacturer’s data.) Specs 8
and 10 were tested for a subsample of tubes.

The remaining Specs (2, 4-7, 9) were tested for every tube with some

varlation from the original RFQ specs as described in the following sections.



III. APPARATUS AND PROCEDURES
A. Test Overview

The basic requirements for the Central EM testing program dictated 40

hours of burn-in and 100 hours of stability/linearity testing at GQE = 1.2X04.

To this, we added 20 hours of stability/linearity testing at GQE = 2.4X104.
There were 1100 tubes to be tested in a period of approximately one year.
This clearly required computer-controlled test procedures and data acquisition
for many tubes simultaneously.

The overall structure of the testing program is displayed in Fig. 3.1.
Upon receipt of tubes from the manufacturer in monthly batches of 100, some
preliminary, semi-automated tests, requiring roughly 15 minutes per tube were
performed in a small, single-tube test chamber. At this point, the data base
for a group of forty tubes plus eight controls was started with the manufac-
turer’s data and the small-chamber tests results. The main test facility
described below was capable of handling a total of 48 tubes. The first half-

hour of testing required some operator intervention, but thereafter the

conduct of the tests and data logging was fully automatic.

B. Small Test Chamber

The initial testing was performed in a small, single-tube chamber. The
objectives of this testing were to establish operating voltages at each of
three gain settings, and to measure dark current.

Figure 3.2 shows this apparatus schematically. The light-tight test

chamber contained a single LED and a sleeve-and-stop assembly which guided



each PMT photocathode into a fixed position relative to the LED. An $-100
based, Z80 microcomputer (#C) provided operator guidance through various steps
in the test and logged the results on floppy disks for use in subsequent tests
and the PMT database. The p§C was equipped with an interface to a CAMAC crate
where the analog-to-digital converter (ADC) and some control circuitry were
located. |

Clock-driven NIM logic modules provided pulses with fixed charge to drive
the LED, and a gate signal for the ADC. The output of the PMT could be
plugged into the ADC for pulse-height measurements, or into a pico-ammeter for
dark current measurements.

The voltage for each tube was manually adjusted to yield a standard pulse
response to the test chamber LED. The amplitude was chosen in the following
manner. The earliest tubes delivered were measured by the manufacturer to
have QE’s from 8% to 16% with an average of 12%. The voltage dependence of
the absolute current gain of a number of these was established by the method
described below. These tubes were used to measure the brightness of the LED
in the small chamber, i.e. the number of photons hitting the photocathode in a
fixed position relative to the LED. Thereafter, the voltage for every tube
was adjusted to give a fixed pulse height corresponding to a GQE product of
1.2 x 104, i.e. a gain of 105 for a QE of 127. Two other voltage settings
were also determined for GQE’s of 2.4 x 104 and 4.8 x 104.

The first step in testing a batch of 48 PMT’s was to initialize a data
file with the properties of the eight control PMT’s which were retained as
part of every batch. Then individual PMT’s were subjected to the following
procedures in the small chamber until 40 had successfully passed the prelimi-

nary tests. The procedures were:



1. Fit the tube with a base. (See Ref. [4] and Appendix A.)

2. Enter into the ¥C the PMT identification numbér, QE, aﬁd other data
supplied by the manufacturer;

3. Adj;st PMT voltage to produce the pulse height corresponding to GQE = 1.2
X 104. The 4C program provided guidance for the operator by extrapola-
tions based on the voltage and pulse height readings;

4, Measure and record the dark current at the resulting voltage setting;

5. Repeat steps 3 and 4 for GQE = 2.4 x 104 and 4.8 x 104.

6. If the tube-base combination met specifications, label the base with the
tube ID number to make the combination permanent.

7. If the tube-base combination failed to meet specifications, repeat the

tests with each in other tube-base combinations before rejecting either.

C. Large Test Chambers

A diagram of the major features of the main test facility is given in
Fig. 3.3. A second Z80 fC in an S-100 bus system was used as a front end
controller interfaced to CAMAC. It was connected by an asynchronous line to a
VAX 780 for data logging. The Z80 controlled the sequence of DC and pulsed
light source tests, and the PMT high voltage. It recorded data from the ADC’s
which read pulsed response of the tubes, anode currents, power supply voltages
and temperatures. The two test chambers described below were capable of
handling a combined total of 48 tubes, 40 under test and 8 long term controls.
We followed a weekly cycle of 160 hours testing plus 8 hours for exchanging
tubes for the next cycle. Various features of the apparatus and procedures

are listed below.
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1. Test Duration

-- 40 hours burn-in at a typical anode current of 5 pA

-- 100 hours stability/linearity testing at GQE = 1.2X104

- 10 to 20 hours stability/linearity testing at GQE = 2.4)(104

2. Test Chamber

The principal geometric features of the test chambers are shown in Fig.
3.4. Two such chambers were built. Twenty-four tubes under test are sup-
ported in a 5X5 lattice (central position empty). Each position in the
lattice contained a magnetic shield, plastic leaf springs and a stop to posi-
tion the photocathode in a reproducible fashion.

The main bank of light sources for light levels 1 - 5 (see below) was
located on the wall of tbe chamber 70 cm from the photocathodes. The sources
were mounted on four identical printed circuit boards placed symmetrically on
that wall to smooth the illumination profile at the bank of photocathodes.
Each individual phototube was illuminated by four additional LED’s placed on
the support lattice approximately 3 cm from each photocathode to provide high
amplitude pulsed signals.

A light map (Fig. 3.5) of illumination of the photocathode positions for
one of the test chambers was measured with light level 5, which provided about
3000 photoelectrons (pe ) at the center of the photocathode lattice. One
position in one chamber réceived 54% of the peak illumination and all others
received 707 or more. A "bootstrap calculation based on the main test data

yielded similar results.
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3. Pulsed Light Sources

The test objectives required a dynamic range from ~30 to ~80,000 pe
pulses fpr each of 24 tubes in each of two test chambers. This was achieved
with an array of pulsed green LED’s (wavelength = 560 nm) organized into nine
groups, each with a fixed illumination levels as indicated in Table 3.1. The
control circuitry for the LED’s is given in Appendix A. The LED’s were
flashed at a rate of ~10 Hz which never varied during a test, even during the
"off" condition for a particular level. "On" and "off" states were achieved
by phase selection, i.e. changing the timing of the pulse by ~2 lsec relative
to the ADC gate as shown in Fig. 3.6. This was done to maintain maintain
short term stability.

Green LED’s have a fairly slow response. The typical pulse was only
roughly triangular and had a width of ~150 ns at 10% of full amplitude. Thus,
the width and peak pulse amplitude of Specification 5 were not achieved. The
maximum amplitude with combined light levels 6 through 9 was typically 20 to
25 mA.

Early tests of the light sources showed crosstalk among the nine levels.
The light output for a given level was not independent of which other levels
were "on" or "off". This crosstalk was eliminated by providing unregulated DC
power to the circuit board and using an independent regulator for the drivers

for each light level.

4, Steady Light Sources

Small tungsten filament lamps driven by digital-to-analog converters

(DAC’s) were used as variable-intensity steady light sources to produce anode
y
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currents ranging from 20 nA to 5 pA. The drivér circuit and a typical inten-
sity curve are shown in Fig. 3.7. These sources were ﬁot intended for precise
illuminapion or good time response.

Sixteen LED’s driven by a pC-controlled TTL logic level were used as a
step-function source which could be rapidly switched from off to a steady

level of ~100 nA.

5. Analog-to-Digital Converters for Pulsed Signals

The ADC used for pulse height measurements was the LeCroy 2285A, a 15-bit
ADC with a least count of about 0.03 pC, corresponding to 1 pe and a full
range of 20,000 pe . This covered the operating range expected in the detec-
tor, 0.032 pC to 640 pC at a gain of 2X105. The tests at ~25 mA peak pulsed
current corresponded to a full range of ~2000 pC, and were done with a X5
attenuator at the ADC input.

Two calibration methods were used to determine the counts/picocoulomb for
each of the 48 channels in the ADC system. One is described in the 2285
operating manual. An example is shown in Fig. 3.8. The other was to provide
a NIM logic pulse of known charge (957 pC) at the input. Both methods agreed

at the 1Z level, and the first showed a linearity of better than 1%. The

typical response was 28 counts/pC.

6. Gain Estimates and Photoelectron Statistics

The absolute gain for pulsed signals in each phototube is the ratio of
the charge collected at the anode to the charge created at the photocathode.
The anode charge was measured by the absolute calibration of the ADC’s

described briefly above. At our gain settings, roughly two photoelectrons
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yield an anode output corresponding to a single ADC count. Thus, gain es-
timates based on single pe pulse-height measurements were impractical.
Instead, the cathode charge was determined from the statistical width of the
pulse-height distribution.

We expect the mean, H, and standard deviation, 0, of a pulse height

distribution to be related to the number of pe , P, as follows:
ag12 1
Gl =3+ (4-2)

where the first term, 1/P, accounts for pe statistics, and b represents non-
statistical contributions to the width of the pulse-height distribution. A
test of this relationship was performed with a fixed phototube and light
source combination by imposing a series of neutral-density filters between
them to vary the number of pe . This provided a series of measurements with

Pi = fipo where f i = 1,4) are the known attenuation factors and Po is the

;¢
(unknown) number of photoelectrons in the absence of any filter. The results,
plotted in Fig. 3.9, indicate that b R 10-5 or less. Since gain measurements
discussed below are based on pulsed light levels yielding no more than 20,000
pe (1/P > 5 X 10_5), the procedure can be valid at the 207 level or better
for a stable system.

Any small, time-dependent drifts in gain or pulsed-light-source intensity
during the measurement of a pulse-height distribution will cause errors in one
direction only. They broaden the distribution and make 0 larger, P smaller,
and the gain larger. For this reason, data sets for this purpose were col-

lected in less than five minutes, and were repeated many times and averaged to

minimize the effects of drifts. Our experience with the full body of test
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data tended to support the validity of this procedure. However two successive
runs of the test chambers (out of thirty), while satisfactory in all other
respects, show spuriously large gains for all tubes including the controls.
These are omitted from any distributions in the following sections which

involve this calculation.

7. Relative Quantum Efficiency Measurement

Since the absolute number of photons incident on the photocathodes was
unknown, we were unable to measure the absolute quantum efficiency of the
tubes under test, but values relative to the sample average were calculable,
and correlations between this and the manufacturer’s value were made. The
procedure consisted in correcting the pulse height for the "light map", the
relative light intensity at each position or "slot" in the test chambers, and
for time dependent drifts in light intensity. The latter is expressed in
terms of the batch numbers accumulated over more than a year. (We discuss
this in terms of the Central EM testing; an identical, independent analysis
was made for the Endwall Hadron tests.) The pulse height (in pC) for any tube

can be expressed as:

Hij = e Qij Gij Lij ’

where 1=1,30 is the batch number, j=1,48 1is the slot, Qij is the quantum
is the gain, L is the number of incident photons per pulse,

i3

pC. The number of photo-electrons, Pij’ can be calculated as

efficiency, Gij

e is 1.6 X 10~/

described in the previous section, and is expressed

-14-



Py = Qy Ly

The gain is:

Gij = Hij/(e Pij ) .

For each of these quantities, it is convenient to form averages over batches

or slots. Our notations are illustrated by the examples: for

CHyg>y = Hojy

the pulse height in the jth slot averaged over all batches, or (P P

1373 = P10
for the ith batch averaged over all slots. Normalizing to these averages
cancels fixed, uninteresting quantities and isolates relative variations with
position and time.

The product, G Qij’ should be the same for all tubes because the voltage

ij
setting was chosen to yield a fixed pulse height in the small-box tests. This
assumption 1is most reliable from slot-to-slot within a given batch since all
tubes in a given batch passed through the small-box tests in a short interval
over which drifts were unlikely. Any time dependent drift in this product
(other than for controls) reveals a drift in the small-box light source. No
significant drift was observed.

Our goal is to isolate the dependence of the light intensity, L on

13’

position (slot number) and time (batch number). We make the assumption that
these two dependences factorize, i.e. that

Ly, =Lyl 1+ b)) (1+s,).

1] ]
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(This is defined so that the appropriate averages of bi and Sj are zero.)
Evidence from the control tubes supports the factorization assumption if the
two test chambers are treated separately. Each has its own time dependence,
arising from different repair history, but within each chamber the four con-
trol tubes show similar patterns of small drifts (about 10%Z). By normalizing
to appropriate averages it was possible to isolate and correct for variations
of L,, with position and time.

ij

Any common drift in P for the control tubes is a measure of a drift din

i3

the large-chamber light intensity. (We assume that Qij remalns constant for
these tubes.) It is given by

P L
S I & = ( 1+ bi) (control tubes only).

Po; Lo

As noted above a drift was observed at the 10% level, was different for the
two test chambers, and correlated with moves or other physical interference
with the chambers. The average of this quantity for the four control tubes in
each chamber gave the time drift of the light intensity.

The light map, ( 1 + s,) was measured prior to the tests, but can be

J
determined from the data by noting that, over the short time period to as-
semble a single batch of tubes, the small-chamber light intensity used to set
the high voltages can safely be assumed constant. Thus, QijGij is constant

for all tubes in a batch. Normalizing the pulse heights to the average over

all slots within a batch,

H
H

Q,, G,,L L
<O I 5 B % -5 H % U P

10 Quy C45442; 10

) .
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The average of this quantity over all batches was used to correct for the
position dependence of the illumination.

Another quantity can be formed for the tubes under test (which change
with each batch) so that

P Q Q, L Q
e - N B . R TR T

00 Q5 L5215 Qo oo o

3

Here, it 1s assumed that, since Q and L are uncorrelated, the average of their
product is the product of their averages. It is clear that the relative,
tube-to-tube variation in quantum efficiency can be obtained correcting this
for the variation in light intensity obtained in the previous equations.

For the eight control tubes, a time drift in Gij was observe over the
thirty-month duration of the tests, most likely from the integrated anode
current which reached over 50 Coulombs for these tubes. (It was assumed that

Qij was constant for the controls, i.e., independent of i.) This is discussed

in Section IV-D-3.

8. Analog-to-Digital Converter for DC Signals

A Dual Systems Model AIM-12 ADC residing on the S5-100 bus was used to
make measurements of the following DC signals:

- average anode currents over a range from 1 nA to 5 §A. Each phototube
output was sent to a computer-controlled reed-relay which could direct
the anode signal to the LeCroy ADC or to a current-to-voltage amplifier
with computer-controlled auto-ranging. At various periods dur.ing the

test cycle, the tubes were swiched, one at a time, to the amplifier and
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its output was digitized by the Dual Systems ADC. Under computer con-
trol, the amplifier was switched between two ranges. The calibration
curves for these ranges are shown in Fig. 3.10.

- Var&ous low-level DC power supply voltages,

-- output voltages from temperature sensors.

9. Temperature Sensing

Temperature sensors incorporating the National Semiconductor LM234 were
placed near the light sources and near the photomultiplier bases. The sen-
sitivity of these devices was about 23 mV/°C (about 10 ADC counts). We were
primarily interested in correcting for gain and light source brightness
changes with temperature fluctuations during a test. The calibration data for
one of the sensors is shown in Fig. 3.11.

In normal testing, the entire test chamber, including LED’s and PMTs’s
stayed the ambient room temperature which varied diurnally by a few degrees.
This environmental variation supplied the bulk of the data on temperature
sensitivity. In order to unfold the temperature coefficients of the PMT’s and
the LED’s a special test was done with eight tubes. A transparent barrier was
placed in the large test chamber between the tubes and light sources, and a
heater was installed to allow independent variation of the temperature in the
two chamber segments. This allowed us to separate the effects of tube
response and LED output. The pulsed LED output was found to vary by (-0.66 =
0.03)%Z/deg-C. This value was used in correcting the data for the full set of

PMT’s as presented in Sec. IV.
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10. High Voltage Control and Readout

High voltage, including regulation and readout, for the 48 phototubes
under test was supplied by a LeCroy 1440 system controlled by the #C through
Camac. At each stage of the test procedure, values were automatically set to

those specified in the database by the small chamber tests.
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IV. RESULTS: CENTRAL EM TUBES

A. Manufgcturing Data

The values of the quantum efficiency (QE) measured by the manufacturer
are shown in the histogram of Fig. 4.1. The average value for the entire set
of tubes was 0.141. The relative QE, measured as described in the previous
section, was found to have a 71% correlation with this. The difference from
100% correlation is consistent with the statistical flucutations of the

measurement, about 0.02.

B. Results From Small Test Chamber

1. High Voltage Settings

The average voltage settings for the gain x quantum efficiency values

tested are: 1059 V for GQE = 1.2 X 104, 1165 V for GQE = 2.4 X 104, and 1283

V for GQE = 4.8 X 104. The distributions for the tubes tested are shown in
Fig. 4.2.

For purposes of interpolation between measured points, the dependence of

gain on voltage was parametrized as follows:

N
The distribution of the values of N determined from the two lower settings is

shown in Fig. 4.3

2. Dark Current

The dark currents measured at the three gain settings are shown in the

histograms of Fig. 4.4. Note the log scale on the current axis.
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C. Results from Large Test Chambers

Figure 4.5 shows the time dependence of a part of the data for one of the
tests, it helps to illustrate some features of the topics discussed below.
In Fig. 4.5(a) the ADC response to Level 5 of the pulsed light sources is
plotted as a function of time. The tungsten light source was cycled through
four different levels during the tests. The change in pulsed response between
the lowest and highest level is clearly seen in the ~0.5% displacement between
the two sets of points. Fig. 4.5(b) shows the output of the temperature
sensors which varied diurnally by about 4° C. The phototube shows a clear
change in output which is about -0.3% per degree-C, and is a combination of
the change in LED output and the PMT response. Approximately 12 hours of data
were lost by an overnight interruption in the asynchronous connection between
the #C and the VAX, but the testing continued uninterrupted during this
period. A few times a test was interrupted by a power fallure which disabled
the #C. In such cases, depending on the amount of data collected at the time,

the test was either re-started or terminated early.

1. Dependence on Time, Temperature and Anode Current

Data on 40 tubes and 8 controls were collected for approximately 160
hours during which test parameters went through the test cycle many times.
When the data 4in Fig. 4.5(a) are corrected for temperature dependence, the
output signal is stable with time to about 1%Z. The data for each tuﬁe and
pulsed light source were fit to a time-dependent function with the following

form:
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H(E) = &) + ayt + agt’ + a,[T(t) - T(0)] | (4.2)
where the a'’s are fitted parameters, t is the time (starting with t = 0 at the
end of the 40-hour burn-in period), T(t) is the measured temperature as a
function of time. This was done for each pulse level and DAC setting for the
tungsten lamp which controls the anode current. The displacements in pulse
height caused by the anode currents are clearly seen in Fig. 4.5(a).

The stability criterion was met if, after unfolding the temperature
dependence, the minimum-to-maximum variation of the residual time dependeﬁce
was less than 2%. A small number of tubes ({1%) marginally exceeded this
criterion. They were re-cycled through the entire test, including a second

burn-in period, and none was ultimately rejected for this reason.

2. Current Gain

Figure 4.6 shows the distribution of gains obtained by the method
described in Sec. III-C-6. A small number of anomalously high, non-

statistical widths of the pulse height distributions appear as high gains.

5

The mean value of the gain is 1.02X10” and the R.M.S. deviation of the dis-

tribution is 0.25X105° Figure 4.7 shows a similar distribution for the

product of measured gain and the manufacturer’s value for the quantum ef-

ficiency. The mean and R.M.S. deviation are 1.34)(104 and 0.29X104,

respectively, for a nominal setting of 1.2X104. This distribution is fairly

broad. A more realistic estimate of the scatter in the data is obtained by

plotting the values of a, form Eq. 4.2, corrected for position and time varia-

1
tion as described in Sec. III-C-7. The pulse heights, thus corrected, are
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shown in Fig. 4.8, and the distribution is considerably narrower than that of

Fig. 4.7.

3. Short Term Stability

The typical test yielded data over 140 hours of operation with the tubes
held at a fixed high voltage. The first forty hours were a burn-in period
with an anode current of about 5 §A induced by the tungsten lamp. The
stability criteria were based on the remaining 100 hours of data where the
average anode current was cycled between 10 nA (tungsten lamp off) and 2 KA.
Data for the lowest anode current setting for pulsed light level 5 were fit to
Eq. (4.2) and the temperature dependence removed to yield a corrected pulse

height

H? = a, + a,t + a_t (4.3)

This was examined for minimum and maximum values over the test interval, and
the quantity AH = H’(max) - H’(min) was computed and plotted in Fig. 4.9 as a
percentage of pulse height. The time interval used was 80 hours, centered in
the 100-hour testing period after burn-in, during which the tube GQE was

maintained at nominal 1.2X104.

4, Temperature Dependence

The normal test procedure did not include any systematic variation of
temperature. However, environmental temperature variations were observed, and
it was possible to measure the combined temperature dependence of tube

response and LED output, viz. a, in Eq. (4.2). This was corrected for the
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known LED temperature dependence (Sec. III-C-7) to yield the histogram plotted
in Fig. 4.10. The accuracy of individual measurements varied greatly, depend-
ing on the magnitude of temperature fluctuations, and the more accurate

results are highlighted in the figure.

5. Rate Effects

The rate dependence was tested by observing the change in pulse height as
a function of average anode current. The latter was controlled by the
tungsten lamp discussed previously. An apparent interaction between the lamp
driver and the LED’s was discovered after all testing was»complete. The pulse
heights were about 0.9% higher with the lamp selected even at extremely low
settings. . The data have corrected for this effect. Figure 4.11 shows a
scatter plot of the percentage change in pulse height vs. anode current. It
is quite stable from a the 10 nA level arising from the LED’s up to about 3 jA
where it abruptly rises. The stable region covers all normal conditions

expected in CDF operation.

6. Linearity

The technique used for linearity testing was chosen to avoid any depend-
ence on the long term stability of light sources or filters at the 1% level.
The PMT response was measured for each of fifteen different combinations of up
to three pulsed LED’s levels 1 through 6. The combinations were: 1, 1+2,
1+2+3, 2, 2+3, 2+3+4, 3, 3+4, 3+4+5, 4, 4+5, 4+5+6, 5, 5+6, and 6. (See Table
3.1.) These combinations covered a dynamic range from typically 30 to 20,000
pe , with 10% to 30% increments about the largest single level in each com-

bination. If the response is linear, the measured pulse heights should be
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well-represented by the appropriate linear combinations of six parameters, one
amplitude for each of the six LED levels used. A XZ test with nine degrees of
freedom can be made for such a fit.

One hundred samples were taken for each pulse height level in this test,
and the average pulse height, H, and r.m.s. deviation, 0, were computed. The
statistical uncertainty on H was taken to be AH = U/VN, wheré N = 100. For
the higher pulse heights, AH was typically well below 0.1% of H. Therefore,
since the specifications called for 1% linearity, a lower limit of 1% of H was
placed on AH for purposes of the x2 test.

Data for the fifteen different combinations of LED’s required about seven
minutes to collect, and the test was repeated about twice per hour for the
duration of the testing period. All xz’s were averaged to give a single value
for each PMT, and these values are given in the histogram of Fig. 4.12. If
the linearity is 1% or better, one expects xz 9. Figure 4.12 shows this to

be true.
D. Subsample Tests
Specifications 8 and 10 (See Sec. II) were tested for only a subsample of

PMT’s as described below.

1. Pulse Recovery

Pulse recovery was defined to be satisfactory if the tube current gain
recovered to within 2% of its previous value within 1 ms after a full-scale
pulse (40 mA peak). An argon flash lamp was set up to provide this large
pulse followed, with variable delay, by a smaller pulse from an LED. A change

in the tube output pulse height for this delayed pulse was assumed to be due
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to a change in tube gain because of the large preceding pulse. With a 10 jsec
delay, a 4% rise in pulse height was observed, but at 100 jsec or greater,

there was no detectable effect on the pulse height.

2, Differential Linearity (Flash Lamp Tests)

The flash lamp, LED setup described in the previous section was operated
with zero delay to test differential linearity at large amplitude. The output
signal was attenuated by X11.3 to bring it into the ADC range, and pulse
heights were measured for the combination, LF, and each source individually L

and F. A measure of percentage differential non-linearity is
- 1}X100%. (4.3)

The flash lamp yielded F = 500,000 pe énd the four highest amplitude LED’s
provided L = 80,000 pe . This tested amplitudes well beyond the expected
operating range of CDF. Eighteen tubes were tested in this manner. Half
yielded D ¢ 1Z, and the worst case was 5%, Data for four of these are given
in Fig. 4.13 which shows a plot of the difference in pulse heights, H(Q+A) -
H(Q) as a function of Q. It is fairly easy to show that, if the non-linearity
is a low order term in a power series (e.g. a quadratic term), even the worst

case implies non-linearities well under 17 in the range of interest.

3. Long Term Stability

Eight tubes and bases, including four R580B’s remained in the test cham-
bers as controls throughout the duration of the testing program, about one

year. The total integrated current passing through these tubes reached about
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fifty coulombs. Conditions were far from stable because the high voltage was
switched off every time a new batch of forty tubes was installed, and the
entire test setup was moved to a new location three times. Nevertheless, a
simple plot of the tube response to one of the pulse light levels (Fig. 4.13)

shows a tendency for the output to diminish by up to 10% over the period.
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V. ENDWALL CALORIMETER TUBES

The EMI phototubes for the endwall hadron calorimeter where subjected to
tests similar to those described above. The tests differed in two respects:
after 40 hours of burn in, the subsequent testing period was reduced to about
40 hours instead of 120; the tubes were operated at gains of approximately
106 instead of 105. We chose not to change any characteristics of the test
fixtures, e.g. the ADC conversion gains. As a result, the pulse response for
light level 6 was often off scale for the EMI tubes.

The data analysis yielded the results summarized in Table 5.1, and in
Figs. 5.1 to 5.7. The most significant effect of the absence of data for
light level 6 for most tubes is that the linearity tests for the EMI sample
were done over a narrower dynamic range ( typically 70:1 ) than for the R580B-
’s (typically 250:1). Thus, the smaller Xz values should not be interpreted
as evidence for better performance. |

The duration of the test period (less than two diurnal temperature
cycles) ylelded large measurement uncertainties and strong correlations
between parameters for tests of stability and temperature dependence. The
results are omitted from Table 5.1, but they are consistent with no drift and
zero temperature coefficient with an uncertainty of about 2%. The variation
of gain with anode current for the EMI tubes was quantitatively very similar
to that for the Hamamatsu tubes as shown in Fig. 4.11. Note that, because the
EMI tubes were operated at higher gain, the tungsten lamp light levels were

lowered to produce anode currents similar to those for the Hamamatsu tests.
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APPENDIX A. CIRCUIT DIAGRAMS

Fig. A-1 shows the circuit diagram for the base used to power the R580B
tubes. Figs. A-2 to A-7 show the control circuitry, cable pinouts for the
light sources, and details of the LED drivers. The temperature sensor cir-
cuitry 1is given in Fig. A-8. The "anode MUX" and nano-ammeter circuitry used
for online measurement of phototube anode currents are shown in Figs. A-9 and

A-].O.
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(a)

(b)

(1]

(2]

[3]

[4]
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The bases for the R580B photomultiplier tubes were designed and build at
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Van Berg. A circuit diagram can be found in Ref. 1.
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Fig.

Fig.

Fig.

Fig.

Fig.

2.1

2.2

3.2

3.3

FIGURE CAPTIONS

(A) Spectral sensitivity for the R580B phototube. (B) Output

spectrum of Y7 waveshifters. (C) Output spectrum of the light

source used by the manufacturer in quantum efficiency measurements.
The peak in the overlap of (A) and (C) is at 510 nm indicated by
arrow (D). The wavelength of the green LED’s used in the present

tests is 560 nm, indicated by arrow (E).

Small test chamber for measuring operating points and dark currents.

Overall test procedure, showing stage at which various specifica-

tions were tested.

Small test chamber for measuring operating points and dark current,

Large test chamber block diagram. The clock pulsed all the LED
light sources at 10 Hz. The microcomputer selected which sources
were "on" (within the ADC gate) or "off" (delayed beyond the ADC
gate), and the steady light levels. The phototube outputs were
normally all connected to the LeCroy ADC for pulse height measure-
ments. Periodically, they were switched, one at a time, to an
amplifier/ADC system which measured the average anode current. The
same ADC also monitored low-level DC voltages for the light sources
and the temperature in the test chambers. The photomultiplier high

voltage supply was controlled by the microcomputer through CAMAC.
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Fig. 3.4 The geometry of the large test chambers. The shaded areas of

Fig. 3.5
Fig. 3.6
Fig. 3.7

Section AA contained the the timing circuitry (located in the cen-

. ter) and four driver boards, each containing identical sets of

circuitry for all pulsed light levels, 1-5, and a tungsten lamp.
Section BB contained 24 circular holes to pass light through to the
photocathodes, approximately 3 cm to the right on this diagram. The
shaded areas in BB supported driver circuitry for light levels 6-10
and the associated LED’s which protrude into the apertures for each

tube.

A "light map" of one of the test chamber. The central position in
the 5X5 lattice is not used. Each of the 24 positions 1s labelled
by its position number and the relative light intensity averaged

over the area of an R580B photocathode. The scale is arbitrary.

Timing of the ADC gate and phototube responses to "On" and "Off"

pulsed light sources.

Photomultiplier anode current as a function of DAC input to tungsten
lamp. At low DAC input values the upper curve has a lower bound
determined by the average current from the pulsed LED’s. The lower
curve was taken with the LED’s off and its lower bound is fixed by

small light leaks in the test chamber.
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Fig. 3.8

Fig. 3.9

Fig. 3.10

Fig. 3.11

Fig. 4.1

Calibration data for the LeCroy ADC. The built-in test mode injects

a charge proportional to the applied voltage into the ADC. The

‘resultant ADC output is plotted against this voltage and is linear

to better than 13%.

Relationship between the square of the fractional statistical width
of the pulse height (U/H)2 and the inverse of the optical attenua-
tion. Data shown were taken at different times with different
phototubes, bases and light levels. The agreement of these results
with the unit-slope lines demonstrates that the width of the pulse
height distribution is almost entirely determined by photoelectron
statistics. Thus, the width can be used to determine the number of
photoelectrons which is subsequently used to compute the absolute

gain of the photomultiplier tube.

Calibration data for the (a) low gain and (b) high gain settings of
the current-to-voltage amplifier which monitored the phototube anode
currents. Amplifier output, which was fed to the Dual Systems ADC,
is plotted in terms of ADC counts. The current was generated by a
power supply which drove a precisely known high resistance in series

with the amplifier input.

Calibration data for one of the four temperature sensors.

Distribution of quantum efficiencies reported by the manufacturer.

~34-



Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

Distribution of high voltage settings required to achieve a gain-

quantum efficiency product of (a) 1.2 X 104; (b) 2.4 X 104; (c) 4.8

4

X 107,

Distribution of the exponent, n, characterizing the ga;n vs. voltage

relationship, (Gi/G )n

) = (V,IV)" for (a) i=1, j=2 and (b) i=2, j=3,

3 b

where 1,2 and 3 characterize the low, intermediate and high gain

settings as in Fig. 4.2,

Distribution of dark current for gain-quantum efficiency products of
(a) 1.2 X 104, (b) 2.4 X 104 and (c) 4.8 X 104. Note the logarith-

mic scale on the current axis.

A sample of data taken over a period of about four days which shows
the dependence of the pulse area response of one of the photomul-
tipliers on time, temperature and average anode current. The upper
graph (a) shows the time dependence for a specific pulsed light
source (ylelding about 3500 photoelectrons per pulse). Data are
shown for two different settings of the tungsten lamp which induced
a DC current in the phototube (approximately O and 2 pAmps). The
tube gain increases about 0.5% for the higher current. The lower
graph (b) shows the temperature in the test chamber during the same
period. A clear negative correlation between pulse height and

temperature is seen - about 0.32/°C.
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Fig. 4.6

Fig. 4.7

Fig. 4.8

Fig. 4.9

Fig. 4.10

Fig. 4.11

A histogram of phototube gains measured by the procedure described

in the text.

A histogram of the products of gain (See Fig. 4.6) and quantum

efficiency (manufacturer’s value) for 510 nm green light.

Histogram of the pulse height (in pC) corrected for position and
time dependence of the light source. It shows the uniformity of the
gainXQE product as set in the small box. Some part of the width can
be attributed to variations in the starting phase of the diurnal
temperature variations in both the small box setting and the large

box tests.

Histogram of the percentage difference in the minimum and maximum
pulse heights (temperature corrected) during an 80-hour period

centered in the test interval.

A histogram of phototube temperature coefficients. In cases where
the changes in ambient temperature were small, measurement uncer-
tainties were large. The solid bars represent data in which the

measurement uncertainty was less than 0.17%/deg-C.
A scatter plot of the percentage change in pulse height as a func-

tion of anode current. The reference pulse height is that with the

tungsten lamp off. Note the logarithmic scale on the current axis.
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Fig. 4.12 A histogram of the values of xz for the linearity tests described in

Fig. 4.13

Fig. 5.1

Fig. 5.2

Fig. 5.3

Fig. 5.4

the text. A lower limit of 1% was placed on the uncertainty of each

. of the fifteen pieces of data in the fit to six LED pulse

amplitudes. A typical xz = 9.0 or less indicates that non-
linearities are 1% or better. The dynamic range for this

measurement was typically about 250:1.

The pulse height response of four R580B phototubes which remained in
the test chambers as controls for the duration of the testing
program. Values are plotted as functions of the total integrated

anode current in coulombs.

Distribution of quantum efficiencies reported by the manufacturer

for the EMI tubes.

Distribution of high voltage settings required to achieve a nominal

gain of (a) 1.0 X 106; (b) 2.0 X 106; (e) 4.0 X 106.

Distribution of the exponent, n, characterizing the gain vs. voltage

relationship, (Gi/G ) = (Vi/V ? for (a) i=1, j=2 and (b) i=2, 3=3,

3 3

where 1,2 and 3 characterize the low, intermediate and high gain

settings as in Fig. 5.2.

Distribution of dark current for gain-quantum efficilency products of
(a) 1.0 X 106, (b) 2.0 X 106 and (c¢) 4.0 X 106. Note the logarith-

mic scale on the current axis.
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Fig. 5.5

Fig. 5.6

Fig. 5.7

Fig. A-1

A histogram of phototube gains measured by the procedure described

in the text.

Histogram of the pulse height (in pC) corrected for position and

time dependence of the light source.

A histogram of the values of XZ for the linearity tests described in
the text. A lower limit of 17 was placed on the uncertainty of each
of the fifteen pieces of data in the fit to six LED pulse
amplitudes. A typical x2 = 8.0 or less indicates that non-
linearities are 1% or better. Since light level 6 was off scale for
this gain setting, the dynamic range for this measurement is about

70:1.
(a) Circuit diagram and PC board layout for base used to power the

Hamamatsu R580B phototubes used in the Central EM calorimeters. (b)

Socket wiring diagram.
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Fig. A-2

Fig. A-3

Figo A’4

Fig. A-5

Fig' A"6

(a) Cabling diagram for light source controls, power and temperature
monitoring of a large test chambers. Two such assemblies were used.
The clock was a 2-fisec-long, positive-going, TTL pulse operated at
about 10 Hz. The temperature sensors and (not shown) sense lines
from each of the DC voltages in the power supply were connected to
the Dual Systems ADC for periodic monitoring. Temperatures were
monitored in the vicinity of light sources 1-5, and just behind the
phototube bases. (b) Pinout diagrams for cables A, B and C. (c)

Pinout diagram for Cable D.

Control Board (mounted at center in Section A-A of Fig. 3.4) for
light sources in the main test chambers: (a) circuit diagram; (b)
component layout and connector locations; (c) details of phase
selection circuitry for pulsed LED’s; (d) DAC circuit and driver for

tungsten lamps. (e) Manufacturer’s data sheet for DAC use in (a).

Layout for boards containing light sources. These are the four

symmetrically placed boards in Section A-A of Fig. 3.4.

Circuit diagram for LED drivers.

Layout and circuitry for pulse-forming and control board used for
pulsed LED levels 6-9. This board was mounted at the center of

Section B-B of Fig. 3.4, and the four fanout legs served each of the

boards displayed in Fig. A-7.
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Figo A‘7

Physical layout and circuitry of LED’s and drivers for Levels 6-9.

Four such boards were mounted at Section B-B of Fig. 3.4, each

. serving six phototube positions.

Fig. A-8

Fig. A-9

Fig. A-10

(a) Circuit diagram for temperature sensors. (b) Manufacturer’s

data sheet for temperature sensor.

(a) Circuit diagram for the "Anode MUX", the switching circuit which
switched the phototube anodes, one at a time, to the amplifier/ADC
circuitry used as a nano-ammeter. Two such circuits were built, one
for each of the test chambers. (b) Details of the control cir-
cuitry which selected the reed relays for switching. Selection was
done on a row-and-column cdde with control bits SO’ S1 and 52
selecting the row, bits S, and S, selecting the column. In addi-

3 4

tion, S5 and S6 were used as a box select code in which 0 meant all
channels off. A final bit, S7, was used as to select high or low
amplifier range for the circuit described in Fig. A-10. (c) Details

of the relay wiring.

Two range amplifier circuitry used for current-to-voltage conversion
in measurements of phototube anode currents. The two outputs went
to two channels of the Dual Systems ADC where they were accessible
by the microcomputer which controlled the system. Range selection

was done by the computer through the CAMAC-based Jorway Model 40.
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Table 3.1

Characteristics of Light Sources in Large Test Chambers

Level # of Distance Nominal Pulse(c) Anode
Number Type sources to PMT (photoelectrons) Curreqt
(cm) (nA)

1 Pulsed(® 4 70 30 (b)

2 " 4 70 100 "

3 " 4 70 300 "

4 " 8 70 1,000 "

5 " 24 70 3,000 "

6 . (D 3 20,000 "

7 " 1(4) 3 20,000 "

8 " 1(d) 3 20,000 "

9 " 1(d) 3 20,000 "
Step- (a) 16 70 -- 0-100
Function
Tungsten 4 70 -- 0-10,000

Lamps (e)

Note: (a) Green LED’s with wavelength of 560 nm.

(b) The average anode current from all nine pulsed light sources was
about 10 nA.

(c) Actual numbers varied downward by as much as 507 depending on tube
location and quantum efficiency.

(d) One LEDF for each phototube position.

(e) The tungsten filament lamps were set to yield 54A anode current
during burn-in, and were cycled through four different settings
for the stability tests: off, 20 nA, 200 nA, and 2pA.
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Table 4.1

Characteristics of R580B Phototubes for Central EM Calorimeter

) Sample
Quantity Units Size
Quantum Eff. Z 1041
HV1l (a) Volts 1041
HV2 (a) Volts 1041
HV3 (a) Volts 1041
Gain-Voltage Exponent

(N in Eq. 2.1)
HV2/HV1 -- 1041
HV3/HV2 -- 1041
Loglo(Idll nA) (b)
@ Hv1 -- 1041
@ Hv2 -- 1041
@ HV3 -- 1041

Distribution Min. Max.

Mean

14.1

1057
1163
1282

"1.02
"0083
-0.58

Quantities below are for

Dev. Value Value

8.0 19.0
920 1200
1020 1340
1120 1480
6.4 7.8
6.1 7.7
-2.4 0'4
-2.2 0.6
"108 0-8
setting

Corrected Pulse
Area (c) pC 963

Gain (d) (X10°) 849

Xz( 9 d.f.) for
Linearity Test

(0> 1% ) - 1041
Temp. Coeff. (e) 2/°c 1041
Peak-to-Peak Drift

in Pulse Area (f) A 865
Notes:

26.9

1.00

9‘8

0.4

5

(a) HV1 is the high-voltage setting for a nominal gain of 1.0X10~. HV2

and HV3 are the settings for twice and four times that value,

respectively.
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(b)

(e)

(d)

(e)
(£)

On a linear scale histograms for dark currents, Id’ were strongly
skewed and peaked near zero. On a logarithmic scale, they were
roughly Gaussian with the parameters given here.

Value for light level 5. The absolute pulse area is of no sig-
nificance. The standard deviation of the distribution is a measure
of our ability to correct for position and time variations of the
pulsed light sources.

Average value which required at least two consistent measurements
from light levels 4, 5 and 6. For this sample, the uncertainty on
the average for an individual phototube was required to beﬁ(O.lXIOS.
Corrected for -0.66Z/°C variation of LED’s.

Measured over ~80 hours and corrected for temperature dependence.
For each test chamber, several runs were omitted from this sample
because they had large statistical uncertainties for three or more
tubes (of 24). The uncertainties on individual measurements varied
from 0.3% to 2%. The distribution width is consistent with measure-

ment uncertainties, and there is no evidence for drifts at this

level.
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Table 5.1

Characteristics of EMI Phototubes for Endwall Hadron Calorimeter

Sample Distribution Min. Max.
Quantity" Units Size Mean  Std. Dev. Value Value
Quantum Eff. 4 687 18.9 2.3 10.0 23.0
HV1 (a) Volts 687 962 136 700 1280
HV2 (a) Volts 687 1054 158 740 1420
HV3 (a) Volts 687 1158 184 800 1580

Gain-Voltage Exponent
(N in Eq. 2.1)

HV2/HV1 -- 687 7.74 0.71 5.4 9.4
HV3/HV2 - 687 .7.59 0.78 5.6 9.8
Log,(I4/1 nA) (b)
@ HV1 -- 687 -0.16 0.43 -2.2 0.8
@ HV2 - 687 0.07 0.42 -2.0 1.0
@ HV3 - 687 0.34 0042 "100 102
Quantities below are for the HV1 setting
Corrected Pulse
Area (c) pC 687 191 34
Gain (d) (x10°) 550 9.54  3.58
Xz( 8 d.f.) for
Linearity Test
(o > 1% ) - 687 3.8 1.0
Notes:

(a)

(b)

(c)

HV1 is the high-voltage setting for a nominal gain of 1.0X106. HV2

and HV3 are the settings for twice and four times that value,
respectively.

On a linear scale the dark current histograms were strongly skewed
and peaked near zero. On a logarithmic scale, they were roughly
Gaussian with the parameters given here.

Value for light level 5. The absolute pulse area is of no sig-
nificance. The spread 1s a measure of our ability to correct for

position and time variations of the pulsed light sources.
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(d) Average value which required at least two consistent measurements
from light levels 4, 5 and, when available, 6. For this sample, the

uncertainty on the average for an individual phototube was required

- to be 2X105.
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National
Semiconductor .

General Deserlpﬂon

The DACO0S30 Is an advanced CMOS/8I-Cr 8-bit multiply-
Ing DAC designed to interface directly with the 8080,
8048, 8083, Z-80, and other popular microprocessors. A
deposited silicon-chromium R-2R resistor ladder natwork
divides the reference current and provides the circuit
with excellent temperature tracking characteristics
10.05% of Full Scale Range maximum linearity error over
temperature). The circuit uses CMOS current switches
and control logic to achieve low power consumption
and fow output leakage current errors. Spaclal circuitry
provides TTL logic input voitage level compatibility. -

corresponding 10 one digital word while hoiding the next
digital word, This parmits the simuitaneous updatlng of

‘AtoD,DtoA

MICRO-DAC™ DACO0830/0831/0832 -
8-Bit yP Compatlble, Double-Buffered D to A Conveners

Features

8 Oouble-buftered, single-butfered or flow-through
digital data inputs

B Easy interchange and pln—compatlblo wlth 12-blt

DAC1230 series
& Direct interface to all popular microprocessors

B Linearity specified with zero and full scale adjust
only—NOT BEST STRAIGHT LINE FIT.

8 Works with 10V reference-full 4-quadrant multipii.
cation
& Can be used In the voltage switching mode

. ' : @ Logic Inputs which' mest TTL voltage level specs
Doubie buffering allows these DACs to output a voltage

(1.4V logic threshoid)
8 Operates “STAND ALONE" (without uP) If desired

any number of DACs. Key Specifications
The DAC0830 series are the 8-bit members of a family of ® Current settiing time Tus
microprocessor-compatible DAC's (MICRO-DAC's™), @ Resolution 8-bits
For appilcations demanding higher resolution, the ® Linearity 8,9, or 10 bits
DAC1000 series (10-bits) and the DAC1208 and DAC1230 (guaranteed over temp.)
(12:bits) are availablo aiternatives. # Galn Tempco 0.0002% FSI°C
; ) ® Low power dissipation 20mw
Mioro-Dac Je rk of Comp. 8 Single power supply 5t0 15V,
Typlcal Appllcatlon
Ty *ALLOWS EASY UPSRADE T0 12-MT DACIZN,
S SEE APPLICATION HINTS
R
h.
n
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- General Description

|- The LM135 series are precision, easily-calibrated, inte-
.- grated circuit temperature sensors, Operating as a
&1, 2-terminal zener, the LM135 has a breakdown voitage

: I,.;dnrectly proportional to absolute temperature at +10 mV/
; °K. With less than 1§ dynamic impedance the device
5;;: operates over a current range of 400 uA to 5 mA with
K 'u’t virtuaily no" change in performance. When calibrated

Industrial Blocks

LM135/LM235/LM335, LM135NLM235AILM335A
Precision Temperature Sensors

to +125°C temperature range. The LM335 operates
from —40°C to +100°C. The LM135/LM235/LM335
are available packaged in hermetic TO-46 transistor
packages while the LM335 is also available in plastic
TO-92 packages.

_at 26°C the LM135 has typically less than 1°C error ) ) - . -
;4 over a 100°C temperature range. Unlike other sensors Features o ’ :
‘the LM 135 has a linear output. = Directly calibrated in °Kelvin
H . o P »
- Applications for the LM135 include almost any type of . ® 17Cinitial accuracy available
| - temperature sensing over a ~55°C to +160°C temper- ® Operates from 400 4A to 5 mA
 ature renge. The low impedance and linear output & Less than 1§ dynamic impedance
make interfacing to readout or control circuitry espe- u Easily calibrated
« cially easy. @ Wide operating temperature range
"The LM135 operates over a ~55°C to +150°C temper- ® 200°C overrange
ature range while the LM235 operates over a —40°C ®  Low cost
| Schematic Diagram
S
- /f& o ::us Sas Swr
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Batic Temperature Sensor Calibrated Sensor Wide Operating Supply
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