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ULTRACENTRIFUGE PHOTOELECTRIC SCANNER, MULTIHLE CELL. 

Kenneth W. Lamers 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

April 1, 196 5 

ABSTRACT 

This report describes the modifications for conversion of an 
electromechanical scanner to multiple-cell operation and doubles as an 
instruction manual. The scanner is used for displaying optical density 
changes that take place when a light-absorbing material such as virus, 
protein, or nucleic acid is sedimenting in the centrifugal field of an ultra­
centrifuge- -that is, a high- speed centrifuge employing an optical system. 
These materials absorb some of the light transmitted by the optical sys­
stem, thereby projecting a pulsating image that varies in intensity with 
distance from the center of rotation. This image is scanned by a photo­
multiplier and compared with the pulsating image of a reference cell in 
order to compensate for nonuniform illumination and other optical imper­
fections. Circuitry separates the reference and sample pulses, subtracts 
their logarithmic equivalents, and displays the subtraction on a chart re­
corder. The chart moves in synchronism with the scanner, and optical 
density (concentration) is therefore displayed as a function of radius. 

The system includes additional features such as: (a) an internal 
calibration that permits measurements of absolute density; (b) a mono­
chromator to facilitate spectral analysis, a powerful tool for disclosing 
the radial distribution of components responsive to different wavelengths; 
and (c) derivative of the function, which is displayed in time coincidence. 

The system described is an improved version of an earlier model 
in that it is designed (a) for two double -sector cells separated 180 deg, 
with sector separation 2. 5 deg at each cell, or (b) for two single-sector 
cells, also separated 180 deg. Single-sector cells are 4-deg; this permits 
longer slits and increases illumination proportionately. Other modifica­
tions improve basic performance over that of the earlier version. 
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I. INTRODUCTION 

An ultracentrifuge is a high- speed centrifuge employing an optical 
system. 1 In our application it is used for displaying optical density 
changes that take place when light-absorbing material such as virus, pro­
tein, or nucleic acid is sedimenting in a centrifugal field. 

This paper describes the modifications to an earlier photoelectric 
scanning system developed for ultracentrifuge studies. In particular, it 
concerns modifications by which the earlier version2 is converted to mul­
tiple-cell operation; it also describes other improvements. This report 
doubles as an instruction manual, and for this reason repeats some of the 
information given in the preceding report. 2 The system described herein 
is designed for two double-sector cells separated 180 deg, as shown in 
Fig. L Each sector is 2 deg, and is separated approximately 2. 5 deg 
from the other sector in the celL It is possible to operate with only one 
double-sector cell, as shown in Fig. 2. 

The system is also designed for two cells, each containing one 4-deg 
sector. The cells are separated 180 deg, as shown in Fig. 3. Larger sec­
tors and greater separation permit use of a longer scanning slit, 3 which · 
provides more illumination and a consequent improvement in the signal-to­
noise ratio. 

When the instrument is operated double- sector, each cell contains 
a reference and a sample sector, separated 2. 5 deg and enclosed by a com­
mon cell window (Fig. 1). The reference sectors compensate for such op­
tical imperfections as nonuniform illumination or dirty lenses. This com­
pensation provides continuous correction, an important feature since the 
lenses become coated with oil deposits from the centrifuge drive. Cell 
windows are less susceptible than the lenses to deposits but are cleaned 
prior to each run, whereas the lenses are not. 
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Fig. i. Top view of rotor with two double-sector cells. As the cells are 
not filled completely, an air space forms at the inner radii. Cell 1 is 
filled in the same manner, usually with a sample of different density. 
The radius -marker hole is located as shown. 

Fig. 2. Top view of rotor with one double -sector cell. The radius -marker 
hole shown in Fig. 1 is plugged, and one cell is replaced by a counter­
balance with two radius-marker holes. (The radius-marker holes are 
not covered by a window). R1t and Rzt are nonexistent; they are in­
cluded to indicate that the radius -marker images straddle the cell 
images when the rotor turns one-half revolution. 
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Fig. 3. Top view of rotor with two sing1e-sector cells. The sectors are 
large (4 deg instead of 2 deg) and are separated by 180 deg. Each 
sector enclosed by a different window. 
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IL GENERAL CO NSI DERA TIO NS 

In order for us to understand the requirements for converting from 
single -cell to multiple -cell operation, it is important that we visualize the 
images projected by the optical system. Five discrete images are projected; 
each imeige is pulsating with time, and time -interlaced with the other four 
images. The five images represent the four cell sectors and the radius­
rnarker hole, as shown in Fig. L Each image, although present less than 
1% of the tim.e, .must be separated, processed, and recombined with other 
images _to form the profile of interest. A typiCalpuls'e train 'when the':air s·pace 
is scanned (Fig. 1) is sh()wn in Fig. 4. Although nothing in this pulse 
train distinguishes one pulse pair from another, it is necessary that each 
pulse be identified with the sector producing it. The earlier system was 
required to differentiate between reference and sample sectors of only one 
eel+. This was comparatively simple because of asymmetry at the rotor 
(see Fig. 2}. 

In contrast, multiple -cell symmetry demands that additional informa­
tion be supplied to the switching circuits. One approach (not used} is to syn­
chronize the scanning mechanism with the rotor. If the cells are loaded with 
regard to rotation, it is possible to ascribe each in'lpulse to .a given sector. 
(As shown in Fig. 1, "loaded with respect to rotation" means that the pulse 
from the solvent precedes the pulse from the solvent-plus -sample,) For 
example, the first pulse pair would always be due to cell 1, the second to 
cell 2.. On that basis, all odd-numbered pairs could be attributed to the first 
cell, all even-numbered to the second, The time interval-between pulse 
pairs is very short at high speeds, however ( 500 11-sec at 60 000 rpm), and 
since the scanner moves very slowly it is not practical to synchronize the 
scanner with the rotor. 

Since scanner -rotor synchronization is impractical, we might con­
sider covering part of the window of one cell as shown in Fig. 5. When 
this is done the pulse train undergoes predictable changes as the scanner 
proceeds from the "Start11 position. This is best explained by reference 
to Fig. 6. The initial part of the scan comprises pulse pairs from cell 2. 
only, so there is only one pair per revolution. As the scanner moves from 
the m,askecito the unmasked ;r:egions, the appearance of additional pulsys 
from the. second cell reduces the time interval between pairs to one~hal£ the 
initial value, The. latter relationship;, two pairs per r'evol"Lihon, exists for 
the major part of the remaining scan. The difference in dimensions be­
tween masked and unmasked windows is useful because it creates a transi­
tion (single to double pairs of pulses per revolution) that enables the syste1n 
to determine when the input impulses have changed from cell 2. to cell 1. 
Synchronization can be derived from this transition, if desired, and offers 
one advantage: Synchronizing pulses can be derived from a single source, 
the sca~ning photomultiplier. Reliance upon the transition has disadvan­
tages as well, the principal one's being the possibility of a totally erroneous 
scan that might result from a temporary disruption or reduction of pulses 
when a meniscus or other dark region is scanned. Because synchronization 
is effected in the transition region only, reliance is placed upon the continued 

.. 
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Fig. 4. A typical pulse train ~hen the images projected by the air spaces 
(all four sectors) of two double-sector cells are scanned. 

Fig. 5. Top view of rotor with part of one cell masked. This arrange­
ment was considered, but rejected for reasons described in ~he text. 
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Fig. 6. The pulse train expected if one were to mask part of Cell 1 as 
shown in Fig. 5. The masked region permits only one pulse -pair 
each revolution; the unmasked region permits two pairs. 
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presence of pulses. Another disadvantage of transition synchronizing is 
that it requires complex circuit logic. 

In view of the above disadvantages, we chose to s'upplement pulses 
from the scanner with those from a stationary photomulti~lier. The latter 
intercepts light pulses from a secondary optical system, light that passes 
through the radius-marker hole in the rotor. These pulses (set pulses) 
confirm synchronization each revolution. This contrasts with the transition 
method for which synchronization is confirmed at a check point only, 
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IlL SYSTEM DESGRIPTIO.N 

A. 'Switching Relationships 

1. Two Double -Sector· Cells 

Fig~r~ 1 sho~s 'cell piacement ixr the rotor when the system employs 
two double-sector cells" Figure· 7 is a simplified diagram of our modified 
system. When compared to the previous version shown in Fig. 8, many fea­
tures of the original system are shown to remain unchanged.·. This report em­
phasizes those features either unique to the modified system o:r; not discussed 
in the preceding report. In both systems a photomultj.plier with defining 
slit 5 scans the pulsating images at a constant speed. b It accepts light sam­
ples as the centrifuge makes them available, generating pulse amplitudes 
proportional to light intensity and slit area. Pulse duration is related to 
centrifuge speed, cell angle, and slit length. 7 

Pulses generated at the photomultiplier are shown in Fig. 9. These 
actual photographs of oscilloscope traces show duration, amplitude, and 
separation with the scanner stopped at several positions (see Fig. 1). In 
brief, the photomultiplier generates a pulse when the rotor makes light avail­
able. When scanning the cell images, the photomultiplier "sees" two quick 
light bursts, the first due to the reference sector of a given cell, the second 
to the sample sector. 8 The light bursts are followed by a quiescent period 
that is much longer than the time interval between "mates." This quiescent 
period corresponds to the time required for the rotor to turn 180 de g. At 
the end of that time two light bursts appear as before, but these are due to 
the second celL The net result is alternating pulse pairs, first from one 
cell, then from the other. 

Pulses do not always appear 1n pairs, however; the rotor includes a 
radius -marker hole, as shown in Fig. 1. This hole is displaced 90 deg from 
the center line between cells and is used as a reference for detecting motion 
within the cells. When the scanner is "observing" the radius-marker image, 
the rotor allows but one burst per revolution, as shown in Fig. 9(c). If the 
oscilloscope sweep speed is increased, the pulses due to one cell only are 
displayed, as illustrated by Fig. 10. 

As discussed above, the radius -marker hole also chops a secondary 
optical system, one that is displaced 180 deg from the principal optical sys­
tern (absorption). Rotor motion results in light bursts to the stationary 
photomultiplier (one burst each revolution), bursts that yield synchronizing 
pulses to supplement those from the scanner. 

Assuming that scanner output is a train of pulses, we must decipher 
which sector is responsible for a given pulse. The first requirement of 
pulse -separation circuitry is that it route the pulses from each of the four 
sectors to a different holding circuit. 9 The second requirement is that it 
route the pulses from a given sector to the same holding circuit every time 
that the scanner moves across the images. 
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Fig. 8. Block diagram of the system previous to modification 
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{a) 

{b) 

(c) 

ZN-4848 

Fig. 9. Oscilloscope traces showing photomultiplier pulses with the scanner 
stopped at several positions (refer to Fig. 1 ). The rotor is loaded with 
two-double sector cells: (a) Scanner positioned to intercept the images 
projected by the air spaces of all four sectors.· The lower pulses are set 
pulses from the stationary photomultiplier (Fig. 7), and they are due to 
the radius -marker hole, which permits only one light burst each revolu­
tion. (b) Scanner positioned to intercept the images projected by both 
solutions. One sample sector is filled with a solution of higher density 
than its counterpart. The lower pulses (set pulses) are for reference 
only. (c) Scanner positioned to intercept the image projected by the 
radius-marker hole. The lower pulses are set pulses. 
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ZN-484{. 

Fig. 10. Oscilloscope traces (preceding modification) showing photo­
multiplier pulses (inverted) with the scanner stopped at various posi­
tions (Fig. 2). The rotor is loaded with one double -sector cell: 
(a) Scanner positioned to intercept the image projected by the solution. 
The first pulse is due to the reference -sector solvell,t, water; the sec­
ond to the sample sector. (b) Scall!ler positioned to intercept the image 
projectd by the. a.ir -solvent boundary withiri the reference sector. The 
reference pul.se is slightly attenuated 'by the meniscus. Sample pulse 
is not attenuated appreciablY.. because ·light pass~s through the air space. 
(c) Scanner positioned to intercept the_i~age projected by the air space 
of both sectors. As the window is common to both cells, each pulse is 
the same height •. (d) Scanner ·positioned to interc.ept the image pro­
jected by the ra,dius -marker hole R1. Pulse width is slightly longer and 
related to the di~rrieter of. R( photomultiplier "sees" only one light 
burst per revolution. · 
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Holding circuits are necessary because reference and sample pulses 
do not occur simultaneously; the reference pulse must be stored for com­
parison with its 11 mate,11 Because the holding circuits are designed to re­
spond to the peak level of each pulse, output levels are high 'and the effects 
of drift are minimized. 

If the pulses due to each sector are to be routed to the appropriate 
hold, we need some method for sensing which cell (or the radius -marker 
hole) is responsible for a given pulse. There are several ways to correlate 
impulse with rotor position: (a) One is to use extraneous sensing elements 
for detecting rotor position. (b) Another is to use circuitry that acts upon 
pulses from the scanning photomultiplier only. The earlier version is based 
upon (b); the modified version combines both techniques., In short, switching 
is dictated partly by the scanner, partly by the stationary photomultiplier. 

Assume for the moment that only the first requirement is to be sat­
isfied, i, e., pulses from each sector are to be routed to a different hold. 
Assume further that photomultiplier pulses appear in the sequence indicated 
by Fig. 11. From previous experience we know that it is practical to sep­
arate "mates'' by use of a one-shot, 10 The modified system is designed 
{Figs. 7 and 11) so that the reference-pair gate is open to the first pulse 
(which is from a reference sector), The trailing edge of each reference 
pulse activates the one-shot~ closing the reference-pair gate for a specified 
length of time. The transition opens the sample -pair gate (previously closed) 
for the same period, permitting the following pulse (from the sample sector) 
to pass through. At normal operating speeds this time interval is compar­
atively short, permitting only one pulse through the sample -pair gate. 
Furthermore, the time duration of the one- shot pulse is short enough to en­
sure that a subsequent pulse passes through the sample-pair gate if, and 
only if, it is mated to the preceding pulse. 

The first pulse is sometimes associated with a sample sector, Since 
the reference-pair gate is open, the first pulse inadvertently passes through 
ito This confusing condition is rectified when the one- shot returns to its 
original state, allows the following pulse to pass through the reference -pair 
gate. Since that pulse is produced by a reference sector, gating is restored 
to normaL 

The one-shot has particular utility for this application because it has 
a built-in recovery time (determined by the length of its quasi-stable state) 
that prevents it from responding to consecutive pulses of a given pulse pair. 
This recovery time is effective in discriminating between 11 mates, 11 but it 
does not discriminate between cells. Additional circuitry is required to en­
sure· that every other pulse pair is routed identically. This indicates the 
need for a binary device,. the flip-flop, 11 that presents a different set of 
conditions to alternate pulse pairs 0 

We next con·sider the· gates operated by a one-shot and flip-flop. 
The syfiem herein is designed so that each pulse must pass through two 
gates, the first operated by a one-shot (pair gate), the second by a flip-
flop (cell gate) as shown in Fig. 7. Either gate can be open or closed, so 
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Fig. 11. Pulse relationships for two double-sector cells. The scanner is 
positioned to intercept the images projected by both solutions (Fig. 1). 
Each gate is open when its switching signal is at the higher level. This 
is an idealized case for which set pulses would not be required. 
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there are four possible states for a given pair of gates (a pair gate plus a 
cell gate). The trick is to drive each gate with a properly timed signal so 
that a given pair of gates is open only to the pulse that it is supposed to 
pass. 

The one-shot is triggered by: the trailing edge (delayed) of each ref­
enence pulse as shown in Fig. 11. 13 The flip-flop, in turn, is triggered 
by the trailing edge of each one- shot pulse. This triggering mode is impor­
tant because no reliance is placed upon sample pulses, some of which are 
highly attenuated at large optical densities. 

The pair gates, operated by the one-shot, are driven out of phase so 
that each input pulse passes through only one pair gate. The cell gates are 
operated by the flip-flop, which opens them in synchronism so that one cell 
gate passes the reference pulse and its counterpart passes the "mate." 

If one wishes to record the image from the otl1:er cell, he changes 
the cell-selector switch accordingly. This inverts flip-flop phasing to both 
cell gates so that they transmit the alternate pulse pairs. 

Referring again to Fig. 11, we see that the pulse relationship illus­
trated is a special case, i.e., we assume that the first pulse finds the flip­
flop in its low-level state. We further assume that the first pulse pair is 
due to cell 1. This is not necessarily true in practice. The first pulse 
can come from any of four sectors-· .. which sector is .dependent upon the : 
position of the rotor when the scanner intercepts the first pulse. Because 
these assumptions are not necessarily true, we may get an erroneous 
routing. In order to obviate that possibility, synchronizing signals from 
the stationary photomultiplier (set pulses) are applied to the flip-flop to en­
sure that it is in the proper state relative to the sector under observation. 

Set pulses do not usually change flip-flop status. In most cases they 
merely confirm it, applying corrective action if necessary. Figure 12 
illustrates correction when pulses arrive with the flip-flop in an improper 
state. The first pulse pair, R2a and S2a, is not permitted through the 
cell gates even though the cell-selector switch has been set for cell 2. The 
following pulses, R 1a and Sla, pass erroneously through the cell gates 
(reference and sample). In the absence of set pulses, all subsequent pulses 
admitted to the holding circuits would be due to cell 1. This erroneous 
routing would occur even though one had selected cell 2 for observation.· 
This, perhaps, would be tolerable if one could turn the cell-selector switch 
to cell 1 and record the alternate cell. That,· however, is not practical. 
Subsequent scans sometimes "find" a different pulse relationship, and 
routing becomes erroneous again. Without set pulses the recorded traces 
vacillate between cells, recording the desired cell only by chance. For a 
single scan only, a loss of triggering (due to factors such as meniscus and 
light fluctuations) could cause the recorded output to switch, some parts of 
the trace representing one cell, other parts another. Set pulses preclude 
both possibilities. 

Refer again to Fig. 12, for which corrective action is as follows: 
The first set pulse finds the flip-flop in its low-level state. This is 
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Fig. 12. Pulse relationships for two double -sector cells, illustrating set-­
pulse corrective action. The scanner is positioned to intercept the 
images projected by both solutions (Fig. 1). Each gate is'- open' when· its 
switching signal is at the higher level. The set pulse brings the flip­
flop ''in step," after which the trailing edge of each one-shot pulse die.:. 
tates switching (unless the flip-flop falls "out of step")~ Ria and Sfa 
pass into the holding circuits erroneously, but all subsequent pulses are 
routed correctly. 
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improper, and the set pulse promptly shifts the flip-flop to its higher level, 
at which the cell gates pass cell-2 pulses only (cell selector at 2). Once the 
system is 11 hack in step, 11 set pulses play no further role because they have 
no influence when the flip-flop is in its high-level state, one in which all 
subsequent set pulses find it. 

Although it is necessary that both difference traces include the radius­
marker image (Fig. 41), they do not do so unless a scanner-activated switch 
is added to disconnect set pulses when the scanner is at the radius -marker 
image. Refer to Fig. 13, which shows the switching signal to cell gates 
when the cell-selector switch is set at 1; here we find that the cell gates are 
open to every radius-marker pulse. If we changed the selector switch to cell 
2 and did nothing to alter the presence of set pulses, the switching signal to 
the cell gates would be identical (but inverted) from the signal obtained with 
the cell-selector switch set at 1. This signal would cause the cell gates to 
restrict passage of the radius -marker pulses in cell-2 position. In order to 
circumvent this, set pulses are disconnected when the radius marker is 
being scanned and the cell-selector switch is set at 2. 14 The switching 
signal to cell gates then corresponds to that shown for cell 2, a relationship 
that admits every other radius marker to the reference hold, The one- shot 
restricts radius -marker pulses from the sample hold only so that the radius 
marker appears in both difference traces. 

2. One Double -Sector Cell 

Switching for one double-sector cell is different than for two double­
sector cells. The radius-marker hole shown in Fig. 1 is plugged and one 
cell is replaced by a counferbalance with two radius -marker holes as shown 
m Fig. 2. 

The circuitry is modified so that the flip-flop no longer operates the 
cell switch; thus both cell gates are open continuously. Set pulses are then 
unnecessary. The pair gates separate the "mates" and every pulse is ad­
mitted to the holding circuits, The pulse relationships for one double-sector 
cell are shown in Fig. 14. 

3. Two Single -Sector Cells 

Switching, fox ,~si~gle,-;s:e:ctor.:c:ells;is: ccirisidera:gly~_diffeT,elil.t;thai:n:fdl,.vdd-ouble 
sector operation. In order to compensate for the differences, an additional 
switch, Sector/ cell, has been added, 

Referring to the photomultiplier pulse train of Fig. 15, we see that 
the reference and sample pulses are uniformly spaced. This renders the 
one-shot ineffective as a time discriminator and the flip-flop is used in­
stead. 15 The pair gates are bypassed, and separation is left to the cell 
gates. In single-sector operation the cell gates are operated out-of-phase 
and the flip-Hop is triggered differently than in double-sector operation. 

In single-sector operation the flip-flop is triggered in the "set-reset" 
mode. When so operated, each set pulse "arms'' the flip-flop, placing it 
in its high-level state. The flip-flop can return to its low-level state only 
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Fig. 13. Pulse relationships for two double-sector cells with the scanner 
positioned to intercept the image projected by the radius-marker hole 
(Fig. 1 ). Each gate is open when its switching signal is at the higher 
level. The waveforms below the heavy line indicate the significant 
changes re sultirig when the cell-.selector switch is changed from Cell 1 
to Cell 2. Set pulses are disconnected with the cell-selector switch at 
position 2; the flip-flop spends equal timeineach state. Set pulses 
have no influence when the flip-flop is in the high-level state. 
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Fig. 14. Pulse relationships for one double -sector cell with the scanner 
positioned to intercept the image projected by the solution. Each gate 
is open when its switching signal is at the higher level. The cell gates 
are open continuously and set pulses are not required. 
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Fig. 15. A typical pulse train for two single-sector cells, with the scanner 
positioned to' intercept attenuated sample pulses. 
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if it receives an impulse from the scanner, Cell loading, shown in Fig. 3, 
ensures that each set pulse is followed by a reference pulse from the scanner. 
In summary, each set pulse raises the flip-flop to its high-.level state; each 
reference pulse returns it to its low leveL In single-cell operation the set 
pulses effect switching each and every rotor revolution, Pulse relationships 
when the cell and radius -marker image are being scanned are shown in Figs. 
16 and 17, respectively. 

B. Reference-Pulse Regulator 

The system includes provisions for regulating the reference pulse to 
an amplitude that remains constant though illumination changes, When so 
operated, the scanning-photomultiplier supply voltage varies to compensate 
for changes in illumination, light intensity, linear -amplifier gain, and photo­
multiplier sensitivity. Such a scheme influences reference and sample 
pulses proportionately. Regulation (a) ensures that the log compressor op­
erates over a prescribed region, and that none of the compressor's linear 
region is wasted in compensating for nonuniform illumination; (b) increases 
accuracy of the calibrating system (the calibration is based upon 25-V ref­
erence pulses to the log compressor input, A significant departure from 
that level results in error); (c) is helpful in sustaining switching when illum­
ination is extremely nonuniform or when a solvent of appreciable optical 
density is used. 

If regulation were perfect one could dispense with the difference sys­
tem. The sample traces, in that event, would represent the corrected den­
sity profile. Regulator performance is very good for illumination profiles 
of moderate nonuniformity, but subtraction enhances performance even more, 
Subtraction is also helpful because: (a) It facilitates trace expansion at low 
optical densities; i.e., recorder deflection per optical density can be in­
creased. The recorded trace need not be displaced when the regions of in­
terest are expanded, and the profile can be recorded in its entirety. (b) It 
helps discriminate against fluctuations in light intensity, especially those of 
higher frequency, 

C. Cali bra tor 

The system includes an electronic calibrating circuit that permits 
the measurement of absolute optical density. The measurement is made by 
comparison of the solutionu s attenuation (optical effect) with a known electri­
cal attenuation. The electrical attenuator 1s continuously variable and em­
pirically calibrated in terms of optical density. 
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Fig. 16. Pulse relationships for two single -sector cells, with the scanner 
positioned to intercept attenuated sample pulses. The cells are loaded 
(Fig. 3) so that each set pulse is followed by a reference pulse from the 
scanner. The cell gates are operated out-of-phase and the pair gates 
are bypassed. Each gate is open when its switching signal is at the 
higher level. One-shot operation is not essential. 
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Fig. 17. Pulse relationships for two single-sector cells with the scanner 
positioned to intercept the image projected by the radius-marker hole 
(Fig. 3 ). The cell gates are operated out-of-phase; the pair gates are 
bypassed. Each gate is open when its switching signal is at the higher 
level. One-shot operation is not essential. All radius-marker pulses 
from the scanner (except RM1) pass into the reference hold. 
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D. Derivative 

The function recorded is differentiated electronically, and' the deriv­
ative applied to another recorder channel. The furiction and its··aerivative 
are recorded in time coincidence. 

E. Scan Control 

The scan-~ontrol is automatic tn the sense (hat it need not be at­
tended onCE( operation has been initiated. The scanning 'mechanism re­
mains at its start position until it receives an iinpulse from the ultra­
centrifuge; after which it moyes the photomultiplier a~ross the P"\llsating 
images, movement of the carriage being controlled by a synchro:h,ous motor 
driving a lead screw. Mounted on the end of the lead screw is a slotted 
disk which, in conjunction with a small light and a photosensitive element, 
generates marker pulses, These marker pulses ·determine positions of fi­
ducial marks on the recorder chart in terms of distance traver sed by the 
photomultiplier {Fig. 43). 

The recorder -chart drive, an independent mechanism, is activated 
during the forward scan only. When the scanner reaches the end of its 
trav~l it actuates _a limit. switch and returns to its start position where it 
remains until the centrifuge provides another impulse. Manual scan con-
trol is ·also available. · 

The scanning mechanism includes a 4-speed transmission operated 
by solenoid-type clutches. The solenoids permit remote control of scanning 
speed and facilita1:·e 'high- speed carriage returil; i. e. , the scanner auto­
matically returns to the start positiop. at its highest speed {6 seconds) unless 
the Fast Return is disabled. · 

F. Recorder 

The recorder--Visicorder Model 906B 16 - -was selected for a number 
of reasons, the principal one being that its fast writing speed does not limit 
resolution. Other reasons were that {a) it permits the function and its der­
ivative to be displayed across the full width of the paper while retaining a 
common time base and {b) recording is rectilinear. Furthermore, the 
mutliple -channel arrangement { 12 channels plus two timing galvanometers) 
permits the same recorder to be used simultaneously by two {or inore) cen­
trifuges. The additional channels facilitate the recording of more informa­
tion, if desired. 

Also important, the ruling of _grid lines o·n thE! paper as it is sues 
from the recorder comp~nsates fqr any lateral paper paper shppage that 
might occur. Ma'rker pulses from the timing' galvanomefer provide a check 
for reproducibility of the mechanically independent scanner and chart ~rives. 

~ . . ' ' . ~ 

As the Visicorder employs an.{iltraviolet b~am and self-developing 
paper, inking problems are npnexistent. . There i~ a possibility of lamp 
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failure, but this has not been a serious limitation. 

G. Illustrations 

A number of equipment photograp~s are included here, Figure 18 
is an overall view of the ultracentrifuge. 7 Figures 19 through 21 show 
the scanning mechanism. Figures 19 and 22 show the stationary photo­
multiplier assembly. Figure 23 illustrates the set-pulse amplifier, and 
Fig. 24 the control console adapted to include operating controls for two 
ultracentrifuges. Figures 25 through 31 reveal construction of the oper­
ational unit. 
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Fig. 18. An overall view of the ultracentrifuge. 
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Fig. 19. Scanning mechanism mounted in the ultracentrifuge. This view 
shows the upper right-hand end of the centrifuge. The transmission 
cover plate has been removed to show the clutches (foreground). The 
micrometer adjustment (lower left) determines the scanner position 
at which set pulses are disconnected.· The stationary-photomultiplier 
(upper right) straddles the large pipe. The lid of the ultracentrifuge, 
opened for this picture, clears the scanning mechanism and is nor­
mally closed to prevent room light from interfering with its oper­
ation. 
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Fig. 20. A view of an earlier scanning mechanism removed from the 
ultracentrifuge (prior to addition of the slit selector, the set-pulse 
disable switch, and the variable-speed transmission). Light rays 
passing through the optical system (perpendicular to the plane of the 
photograph) enter the photomultiplier through a narrow vertical slit 
covered by a small snout that is no longer required. 
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Fig. 2i. An early version of the scanning unit, partially disassembled 
to show some of the basic components: the photomultiplier and its 
housing; the light for the marker generator; the lead screw, coupling, 
and motor; and the cam and safety switches mounted on the support 
bracket (the slit selector, the set-pulse disable switch, and the 
variable -speed transmission are not shown). The small snout is un­
necessary and is no longer used. 
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Fig. 22. Ultracentrifuge with its upper right-hand panel opened. A mir­
ror (within circle) projecting from the stationary photomultiplier 
(above circle) intercepts light from the Schlieren optical system. The 
mirror intercepts only the upper third of the radius -marker image, and 
does not interfere with the Schlieren system. The Schlieren photograph­
ic plate doe s not interfere with set-pulse operation, and both systems 
can be used simultaneously. 

Fig. -23. Ultracentrifuge with its upper right-hand panel opened. Illus­
trates the set-pulse amplifier and a connector board, the terminal 
point for all cables connecting to the control console. All connectors 
are mounted on an insulated plate to minimize the effects of ground 
loops. The amplifier and connector board are mounted on the centri­
fuge relay panel (amplifier above thP. r.nnnPrtn-r hn::.-rrl\ 
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Fig. 24. Front view of the control console, now adapted to include oper­
ating controls for two ultracentrifuges. The top two panels are 
operational units, one for each machine. Directly below them is the 
Visicorder. Below the Visicorder, a scan control panel includes sep­
arate controls for each scanning mechanism. The bottom panel in­
cludes the stationary-photomultiplier power supplies, convenience out­
lets, and a master power switch for the entire console. Directly above 
the bottom panel is the photomultiplier power supply which includes 
separate controls for each scanning photomultiplier. 
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Fig. 25. Operational unit, front view. The upper panel is removable for 
easy access to critical circuitry. The controls are arrange d according 
to function with the operating sequence indicated by arrows. The cell­
selector knob has marks below to indicate the proper setting for single 
sector or for one double sector. (SPLJT BEAM nomenclature, upper 
panel, is misleading). 
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Fig. 26. Operational unit, front view, top panel removed. The power 
supply (top right) is covered by a perforated shield. The bootstrap and 
derivative amplifiers are mounted behind the plate · to the left of the per­
forated shield. Bias and holding-circuit adjustments are mounted on the 
same plate. Most of the circuitry comprises plug-in modules. Arrows 
close to each module socket indicate the various switching and signal 
paths. 

Fig. 27. Operational unit, top front view with perforated cover removed 
fr om the power supply. Trimpots Gi and G2 are mounted on the plate 
just to the left of the power supply. Reference Bias and Sample Bias 
adjustments are mounted on the same plate. 
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Fig. 28. Operational unit, top view. The circuit modules are imme­
diately above the arrows. The linear amplifier appears above them 
and to the left. The reference-pulse regulator is to the right of the 
linear amplifier, and the gate -adjusting trim pots are mounted on the 
left-hand panel. The regulator gain adjustment (not visible) is just 
below the relay to the right of the linear amplifier. The 75-V Zener 
diodes are mounted on heat sinks (center right), which are fabricated 
from plate caps. 

Fig. 29. Operational unit, rear view. The location and type of modules 
are more readily apparent than in other views. The reference -pulse 
regulator relay (rectangle at center right) is a plug-in type. The 
power supply is cooled by a small blower mounted on the plate at the 
lower left. 
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Fig. 30. Operational unit, bottom view. The blower, normally mounted 
at the upper left-hand corner, has been removed for clarity. The log 
compressor is clamped beneath the plate secured by four wing nuts. 
An additional connector has been added to the log compressor so that 
it can be operated for an internal power supply to its left. The deriv­
ative substraction amplifier (Burr Brown model 1503) extends from the 
center of the right-hand plate. 

Fig. 31. Switches and gates of operational unit. These are fabricated into 
blank containers supplied by m..anufacture r. 
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IV. CIRCUIT DESCRIPTION 

A. Switching 

1. Two Double-Sector Cells 

As shown in the functional block diagram (Fig. 32), the linear 
amplifier activates a gating chain. At the tail end of that chain are two 
switches, "Cell" and "Pair," which _operate their -respective gates so that 
each pulse is routed to the proper hold. Each switch has two outputs, one 
inverted in phase. ·The net result is that all pulses are routed through one 
pair gate. The pair gates, operated by the one-shot,· are gated out of phase 
so that every pulse passes through one, but not both. The one-shot permits 
the first pulse of each pair through the reference pair- gate, its mate through 
the sample pair gate. All reference pulses, independent of cell, pass· 
through the reference -pair gate; all sample pulses pass. through the sample­
pair gate. 

Once a pulse is admitted through either pair-gate~ it passes to the 
following cell-gate. The cell-gates, ,ope1;ated by the flip-flop, permit alter­
nate pulse pairs to charge the holding cir.cuits. Both cell'- gates are oper­
ated in phase .. · If one wishes to observ.e the alternate cell, he changes the 
cell- selector switch, inverting the phase fo both cell,gate.s. This configura­
tion permits the same holding circuits to be used for both cells. Common 
holding circuits simplify operation and calibration as well as circuitry. Set 
pulses are not disconnected with the scanner positioned at the radius marker 
when the cell selector is at "1." 

2. One Double -Sector Cell 

The cell selector is set to '' 0," a position that permits the flip-flop 
to operate but biases the cell switches so that the cell gates are continuously 
open. Set pulses are unnecessary. 

3. Two Single -Sector Cells 

The Sector/cell selector is set-to "1." This bypasses the pair gates 
and reverses phasing to the reference-cell gate; the reversal causes the 
cell gates to be ·operated out of phase. The Sector/cell switch also changes 
flip-flop triggering to the "set-reset" mode. When so operated, each set 
pulse raises the flip-flop to its high-level state; each reference pulse re­
turns it to its lower level. The Sector/cell switch also reConnects the reg­
ulating gate so that it is operated by the cell switch, rather than by the pair 
switch. O:ne-shot operation is notessential to this mode; it remains oper­
ative only for expediency. 
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Fig. 32. Functional block diagram of modified system. The controls are 
set for operation with two double -sector cells, Difference .mode. 
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B. Gates and Switches 

The six-diode gate was selected because it has low leakage when the 
gate is closed (Fig. 60, Appendix B). This characteristic is especially im­
portant at high optical densities for which a small leakage .introduces a large 
error. This gate also has other virtues: The switching component does not 

18 
appear in the output, the gain is close to unity, and the linearity is excellent. 
The bilateral properties do require a series diode for peak charging, but this 
is not a serious limitation. 

As the gates are operated by bipolar switches, switching spikes must 
be held to a minimum. ·If they are not, the spikes charge each holding capac­
itor to a different level. This, in turn, requires a compensating bias when 
the instrument is zeroed; i. e., when the Baseline pushbutton is depressed, 
the gates are switching,. but the input pulses are admitted to neither holding 
circuit. When the system is nulled (reference and sample channels balanced 
at the air space and base line released), the switching spikes are masked by 
the signal pulses so that the holding ·circuits no longer respond to their pres­
ence. The compensating bias remains, however, and an erroneous null re­
sults. An improper null produces a slight base -line shift (approximately 
0.02 OD result~di)ifp'ulse:..height ¢h<;UJ.,ge:s (because of nonuniform illumination 
or varying light intensity) r_educe~s accuracy accordingly. Null prevails at 
only one pulse level, and any departure from that level causes the base line 
to shift. 

Problems .due to switching spikes were minimized by the addition of 
a collector bypass to one transistor of each bipolar switch. This addition 
compensates for switching disparities between transistors and is very effec­
tive in making the null position insensitive to pulse' level. The collector­
bypass capacitors do not truly eliminate switching spikes -they merely en­
sure that those spikes most troublesome are negative. Negative spikes are 
not transmitted by the charging diodes. 

Another problem relative to switching was that of cross coupling, i. e., 
apparent interaction between cells. A high density in the sample sector of 
cell 1, for example, reflected in the tracing of its counterpart, cell-2 
sample. 

It·was initially believed that this cross-coupling problem was due to 
faulty clamping at the log compressor input (ac coupling to the log compres­
sor), but subsequent investigation revealed otherwise. The real cause was 
creation of a small switching pedestal (a fraCtional percent of gating voltage) 
with amplitude related to signal-pulse level. Each gate was normally ad­
justed (R 1, R2, S1, and S2 trimpots of pulse -separation circuitry (Fig. 60, 
Appendix B)] for minimum pedestal in the absence of input pulses (Baseline 
de pres sed and switching circuits active). This reduced pedestal amplitude 
to a negligibile value, but when input pulses were admitted (Baseline released) 
pedestal reappeared with an amplitude related to pulse levels at the gate in­
put. In effect, pulses at the gate input modified bridge balance, permitting 
the switching circuits to generate a small pedestal. That pedestal charged 
the gate-input coupling capacitors to a negative level, which they retained 
until the subsequent switching transient occurred. 
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The net result was that the transmitted pulses "rode" upon a switch­
ing component whose amplitude was related to the number and height of input 
pulses at each pair gate. Since ac coupling follows the cell gates (reduces 
drift), changes in the switching component modified the apparent duty cycle, 
causing a given pulse to have a changing positive. component. Since the 
switching-component duty cycle is much greater than that of the pulses, base­
line shift was exaggerated. 

The interaction problem was solved by the addition of coupling diodes 
in series with the coupling capacitor to each pair- gate input ( 1N9041 s in Fig. 
59 Appendix B). The coupling diodes prevented the negative-gring pedestal 
from charging the coupling capacitors, and the signal pulses no longer rode 
a switching component. In view of the switching problems we encountered, 
we might consider using another type of gate. 1 '1 

A study of pulses at the output of both cell gates reveals that clamping 
immediately previous to each charging diode is unnecessary. This is true 
despite ac coupling because each cell gate passes only those pulses for which 
it is responsible. The positive level of each pulse transmitted through the 
output coupling capacitor is proportional to pulse amplitude, unaffected by 
other pulses, and clamping is not required. 

C. Holding Circuits 

Schematics of the holding circuits are shown in Fig. 61, Appendix B. 
Refer again to .Fig. 32; notice that the pulses are separated so that reference 
pulses pass through one set of gates, sample pulses through another set. The 
output from each channel charges a holding capacitor through a series diode 
that is unilateral, and thus permits the capacitor to charge to peak voltage 
and retain that value with a slowly decaying time constant. Holding capaci­
tors maintain the average output voltage at a high level, minimizing the ef­
fects of drift, pickup, and noise. The discharge time constant, determined 
by the RPM control setting, is a function of holding-capacitor size and its 
effective shunt resistance. 

Figure 32 shows that holding-capacitor size is a function of centrifuge 
speed. The correct value at any speed is determined by a number of factors 
but these can be reduced to two discrete effects: (a) the charging-time con­
stant must be short enough to ensure that the capacitor charges to the peak 
pulse amplitude, and (b) the discharge-time constant must be long enough to 
maintain the average output voltage at a suitable level without impairing high­
frequency performance. In view of these considerations, a selector switch, 
RPM, is included to ensure that the optimum time constant for each speed is 
selected. 

The optimum holding capacitor was empirically determined at 
60 000 rpm; the values for other speeds were calculated on a proportional 
basis. 
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D. Bootstrap Amplifiers 

.. The voltage ac.r?s s- each .holding capazbtor is appli~d to an o~er~t~onal 
amphfler. The amphf1ers, bootstrap type, can be adJusted for 1nf1n1te ·· 
input impedance. Bootstrapping' pe'rmits us to monitor full voltage across 
each holding capacitor, and minimizes the effects of amplifier drift. The 
present configuration (Fig. 61, Appendix B) reduces drift to approximately 
one-hundredth that of the earlier version. Bias to the amplifiers 1s applied 
in series with the charging diode to each hold~ 

• The difference output is directed through an adjustable filte-r to the 
function galvanometer. ·An intervening attenuator (Trace Amplitude) con­
trols deflection magnitude at the recorder. 

E. Calibrator 

The calibrating system (Fig. 59, Appendix B) includes ari electronic 
calibrator that permits the measurement of absolute optical density. The 
calibrator lowers the pulse amplitude going into the sample channel. The 
reference channel is unaffected because of the point at which attenuation is 
introduced. 

When using the calibrator to measure optical density, record the dif­
ference traces in the conventional manner. Then position the scanner so 
that reference and sample pulses are of equal height and 2- V amplitude. 
Depress the optical density (OD) pushbutton and adjust the Calibrate dial to 
produce the same deflection as that of the desired part of the recorded trace. 
Note the resulting dial setting and consult the ·calibration graph (Fig~ 33) to 
find the corresponding optical density. System performance is quite linear 
up to optical densities greater than 1.5, and so the deflection can be consid­
ered proportional to optical density at lesser values. 

F. Reference-Pulse Regulator 

The scanning-photomultiplier power supply is designed for two modes 
of regulation, internal and eXternal. When internal regulation is used, the 
power supply maint.ains a constant output voltage irrespective of changes in 
line voltage or load. · . 

In external regulation (Figs. 63 and 72 Appendix B), the reference 
pulses are maintained at a constant amplitude, because the power'-supply 
voltage varies automatiCally to compensate for changes in illumination, light 
intensity, linear -amplifier gain, and photomultiplier sensitivity. 

We added an independent gate to the external regulator to isolate the 
reference pulses (reference gate, Fig 63) and permit us to bypass the log 
circuits, thereby increasing loop gainZ 1 and improving regulation. The reg­
ulator gate is actuated by the pair switch with double-sector operation, by 
the cell switch with single- sector operation. 
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The regulator gate does not distinguish between cells (it transmits 
reference pulses from both cells )o This lack of distinction is not important 
because the illumination profile., .the photomultiplier, and the linear ampli­
fier are common to both reference sectors. Regulation with reference. 
pulses from both cells is advantageous in reducing the effect of meniscl. upon 
power -supply voltage. The light attenuation from the reference meniscus 
would normally increase the power -supply voltage and tend to "iron out" the 
meniscus in the reference trace if the regulating gate passed reference 
pulses from one cell only. This voltage increase would also reflect the ref­
erence meniscus into the sample recording. But if the regulating gate trans­
mits reference pulses from both ceils, and if the reference menisci are 
staggered, the m~nisci would have little influence on the power -supply volt­
age. 

One could introduce a longer time constant into the regulating loop, 
but this lengthening would reduce regulator frequency response to changes 
in light intensity resulting from lamp fluctuations. Furthermore, the time 
constant might be too long unless adapted to the scanning rate employed. 

External regulation creates another problem. When scanning a dark 
region (unless the regulator is inhibited), the regulator tends to inc.rease 
photomultiplier- supply voltage to an excessive value. This exces s.ive volt­
age produces high noise at the photomultiplier output, noise that produces 
confusing patterns in the recorded traces. Furthermore, if the ·scanner 
enters into ari. illuminated region, the excess voltage produced could damage 
the photomultiplier. 

In order to avoid these regulating problems, we added circuitry that 
limits the maximum voltage produced by the power supply. Even more, that 
circuitry ensures that the supply voltage when the scanner is in a dark region 
is essentially the same as that prevailing when the scanner is in light; this 
is accomplished with an additional holding circuit that detects light pulses 
from the scanning photomultiplier. The holding -circuit voltage is amplified 
to energize a relay that connects the regulating circuit if light is present. 
If the light falls below a prescribed level the relay de-energizes and substi­
tutes a de; voltage for that normally derived from the regulating hold. This 
de voltage is adjustable with a panel control (PM-DARK) and is set so that 
the power -supply voltage in darkness corresponds to that prevailing with the 
scanner positioned at the air space. The effects of relay transmit time are 
minimized by the regulating time constant, and the transition from darkness 
to light is barely pe,rcepti ble in. the recorded traces. When the scanner 
passes from dark to light regions (or vice versa), the relay makes a noise 
that is quite useful in confirming the presence of light. Oscilloscope pulses 
and the recorded traces provide visual assurance of regulator performance. 
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G" Differentiator 

The recorded function is applied to a differentiator (Fig" 61, Appen­
dix B) that includes an adjustable filter for reducing high-frequency response 
and associated noise. The differentiated output is applied to another recorder 
channel, and both outputs, the function and its derivative, are recorded in 
time coincidence (Fig. 3 7)" Amplitude and positioning controls are provided" 

The derivative is inverted in the sample mode because of a reversal 
of the function galvanometer, which is normally switched to maintain a con­
sistent Visicorder presentation" We didn't bother to reverse the derivative 
galvanometer because the sample modes are only a crosscheck of system 
performance. 

H. Set-Pulse Amplifier 

The set-pulse amplifier (Fig" 65, Appendix B) is conventional, but 
the manner in which it drives the subsequent squaring amplifier is not, 
Amplifier -output pulses are positive but triggering is derived from their neg­
ative overshoot, useful in discriminating against photomultiplier noise 
bursts, which.are normally positive at the amplifier output" Because some 
noise bursts are equal in magnitude to the set pulses prevailing when light 
intensity is minimum, amplitude discrimination is ineffective.- Overshoot 
triggering, on the other hand, is effective because the degree of overshoot 
is directly proportional to pulse duration. Noise bursts are considerably 
shorter than set pulses, so the overshoot from noise is practically nil. 

The amplifier, driven with negative pulses from the stationary photo­
multiplier, has a gain of approximately 45" The Schlieren optical sys~em is 
best operated with the yellow filter removed and with the light aperture ad­
justed to produce positive pulses of at least 40-V minimum at the amplifier 
output (Set jack)" The requirement for set-pulse amplitude depends upon 
centrifuge speed. Less light is necessary at slower speeds because set 
pulses are longer and therefore produce more overshoot" 

I. Marker Generator 

A schematic of the Marker Generator is given in Fig" 66, Appendix 
B. Rotation of the slotted disk produces light impulses to the phot_osensitive 
element" These impulses are converted to current changes, then amplified 
to drive the Visicorder ti1ning galvanometers which are connected in series. 
Two ultracentrifuges share the Visicorder" The timing galvanometers are 
connected to the marker generator of the machine that is scanning. If both 
machines scan at the same time, the timing galvanometers are connected to 
Machine L 
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J. Scan Control, Manual 

Refer here to Fig. 34 for a simplified schematic of the manual scan 
control. 

1. Scanner is at "Start position". LS-1 is engaged by scanner. 
Power is disconnected from motor and all relays. ("Start pos:it:ion" light on.) 

2. S1 is, placed in 11 Forward" position. 

a. S1-A bypasses LS-1. Motor is energized through S1:.A, LS-2, and 
Si-B, advancing scanner to outer radius of image. 

b. RE3 is energized through S1-A, LS-2, S1-B, and RE2-3. 

( 1) RE3 -1 connects power to Visicorder chart drive. 
(2) RE3-2 connects Visicorder timing galvanometers to Marker 
Generator of appropriate centrifuge. (Note: The same recorder is 
used for two separate scanning mechanisms, one in each of two 
centrifuges. Each scanning mechanism has its own controls, and 
the schematic nomenclature is the same for both. ) 

3. Scanner reaches end of travel. LS-2 is engaged by scanner. 

a. Motor is de-energized, scanner stops. 

b. RE2 is energized through S1-A, LS-2 and Si-D. ("End/reversing" 
light on. ) 

.RE2-3 disconnects power to RE3. 

( 1) RE3 -1 disconnects power to the recorder -chart drive. 
(2) RE3-2 disconnects the timing galvos from the relevant Marker 
Generator. 

4. S1 is placed in "Reverse" position. 

a. Motor is energized through LS-1 and S1-C, driving scanner 1n re­
verse direction towards 11 Start position." 

b. RE2 is energized through LS-1 and S1- D. RE2- 3 disconnec-ts power 
to RE3. 

( 1) RE3 -1 disconnects power to the recorder -chart_ drive. 
(2) RE3-2 disconnects the timing galvos from the relevant Marker 
Generator. 

5. Scanner reaches 11 Start position. 11 LS-1 operates, disconnecting 
power from the motor and all relays. 
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Fig. 34. Simplified sche)Tiatic of scan control (manual operation). All re­
lays and limit switches are shown in deactivated position. RE2 -3 keeps 
RE3 from operating through motor capacitor on reverse. LS-3 and LS-4 
are safety limit switches. The recorder timing galvanometers and 
chart drive are operated by two independent scanning mechanisms, one 
in each of two centrifuges. 
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K. Scan Control, Automatic 

Refer here to Fig. 3 5 for a schematic of the automatic scan controL 

1. Scanner is at "Start position." LS-1 is engaged by scanner. 
Power is disconnected to motor and all relays ("Start pos:iti.orl' light on. ) 

2. "Start impulse" from centrifuge energizes RE-1. 

a; RE-1 bypasses LS-1, energizing motor through RE1-1 and RE2-1 
and driving scanner forward to outer radius. 

b. RE3 is ene~ gized through RE1-1, RE2 -1 and RE2- 3 ("Scanning for­
ward" light on. ) 

( 1 ). RE3 -1 connects power to Visicorder chart drive. 
(2) RE3-2 connects Visicorder timing galvanometers to Marker 
Generator of appropriate centrifuge. (Note: The same r·ecorder is 
used for two separate scanning mechanisms, one in each of two 
centrifuges. Each scanning mechanism has its own controls, and 
the schematic nomenclature is the sa:tne for both. ) 

3. "Start impulse" terminates. The impulse duration is long 
enough to disengage LS-1, which bypasses RE.1-1 before the impulse termi­
nates. The impulse must be shorter than the time required to scan and 
return to the "Start position." I£ not, REl-1 renders limit switch LS-1 in­
effective on the return scan. In practice, the starting impulse also operates 
the shutter (shutter can be operated manually), exposing the scanner to light, 
and so impulse duration must be longer than the scan time. 

4. Scanner advances to "End" position. 

a. Scanner engages LS- 2. RE2 is energized through LS-1 and LS- 2 
(End/reversing" light comes on), 

(1) Motor is energized in the reverse direction, rec·eiving power 
through LS-1 and RE2-1. 
(2) RE2-2 are holding contacts for RE2, bypassing LS-2 when the 
scanner leaves the "End" position, 
(3) RE2-3 .disconnects power to RE3. 

(a) RE3 -1 disconnects power to the recorder -chart drive. 
(b) RE3 -2 disconnects the timing galvos from the relevant 
Marker Generator. 

5. Scanner returns to "Start Positon'' and engages LS-1, dis­
connecting power to the motor and relays. The cycle is complete. The 
scanner remains at the start position until it receives another start impulse 
from the centrifuge. 
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Fig. 35. Simplified schematic of scan control (automatic operation). All 
relays and limit switches are shown in deactivated position. REZ-3 
keeps RE3 from operating through motor capacitor on reverse. LS-3 
and LS-4 are safety limit switches. The recorder timing galvanometers 
and chart drive are operated by two independent scanning mechanisms, 
one in each of two centrifuges • 
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L. Scan-Speed Selector 

The scan-speed selector (Fig. 68, Appendix B) comprises circuitry 
that operates one of four solenoid clutches, each of which moves the scanning 
photomultiplier at a different rate, The drive motor turns a chain of gears 
(Fig. 36 ), the number of which depends upon the scan speed selected, Motor 
direction, therefore, must be adapted to the number of gears involved, The 
Scan-Speed Selector includes circuitry for returning the scanner at its fastest 
speed, but the fast return can be disabled if desirable. 

One scanner (Machine I) employs larger clutches than the other. 
Larger clutches require greater physical separation, and so a 20-tooth spur 
gear is added as shown in Fig. 36. 

M. Galvanometer Selector, Two Ultracentrifuges 

The Visicorder, which accommodates as many as 14 channels, records 
traces from two centrifuges, simultaneously in some cases (Fig. 69, Appen­
dix B). It is generally desirable that a given recording include galvanometer 
traces from one centrifuge only. Because of this,· a displacing circuit has , 
been added to remove tracings from the undesired galvanometers when a 
given scanner is operating. A selector switch indicates the machine whose 
galvos are active, The alternate scanner takes precedence during the time 
that it is scanning forward. The selector switch includes a third position that 
disables the displacing circuitry. 
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Fig. 36. Drawings to illustrate transmission design. As Machine I 
'clutches are larger than those of Machine II, the 20-tooth spur gear 
.is added. The spur gear compensates for the greater physical sep­
aration demanded by the larger clutches. 
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Table I. Operational unit, Control Function Chart. a 

Control Function 

Sector/cell Adapts circuitry to cell type used--single or double sector. 

Cell Selects the c'ell to be recorded. Must be set according to 
the number 'and type of cell(s ). Lower markings indicate 
,proper settings for one' double sector or for two single­
sector cells. 

RPM Adapts circuitry to centrifuge speed. 

Mode Determines sector(s) recorded. Also determines whether 
response is linear or logarithmic. 

Filter 

Trace Amplitude 

Set 

Delay 

Trace Position 

Baseline 

Null 

Reference Amplitude 

PM/DARK 

Derivative Amplitude 

Frequency Response 

Calibrate 

OD 

Derivative Position 

a See also Fig. 25. 

Selects the function high-frequency response. Set according 
to scanning rate and noise. 

Controls Visicorder deflection for a given optical density 
change. 

Controls set-pulse amplitude to the switching circuits. Ad­
justed for proper switching when operating with two cells, 
single or double sector. 

Controls the instant of switching. Adjusted for proper 
switching. 

Determines function trace positioning relative to the Visi­
corder paper. 

Depressed to indicate the trace position corresponding to 
zero optical density. 

Attenuates sample pulses preceding subtraction. Balances 
the reference and sample channels under common density 
conditions. 

Attenuates reference pulses preceding subtraction. Per­
mits balance if Null control does not have sufficient latitude. 
Should be at highest possible setting that permits a null. 

Determines scanning-photomultiplier power supply voltage 
in the absence of light. Power supply must be set for ex­
ternal regulation. Must be adjusted subsequent to photo­
multiplier power supply adjustment. 

Controls Visicorder deflection for a given derivative 
amplitude. 

Determines derivative high-frequency response. Set 
according. to scanning rate and noise. 

Attenuates sample pulses, simulating solutions of various 
optical densities. Scanner must be at the air space, Mode 
set to Difference, and OD depressed. 

When OD~s depressed, the functi(j)n galvanometer assumes 
a position determined by Calibrate. When released, the 
function galvanometer returns to its zero OD position. 

Determines derivative trace positioning 
relative to the Visicorder paper. 
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V. OPERATION 

The control function chart of the Operational Unit:is· shown ,in':Table. I. 

A. Two Double -Sector Cells 

Load the rotor as shown in Fig. 1. Set Sector/cell for double-
sector operation and cell selector to position 1 or 2. · Position the scanner 
at the air space (all pulses have the same amplitude) and adjust the photo­
m1.1ltiplier supply voltage control (External regulation) for 2-V output pulses. 
(The oscilloscope is easier to synchronize if triggered externally from the 
Scope Sync. jack on back of Operational Unit.) This adjustment ensures that 
the photomultiplier is operated in a linear region, that the switching circuits 
are triggered with an adequate signal, and that the logarithmic voltage com­
pressor operates at the proper level. 22 Note the photomultiplier supply 
voltage registered on its meter, close the shutter, and adjust the PM- DARK 
control for the s,ame voltage. The PM-DARK adjustment ensures that the 
photomultiplier supply voltage does not rise to excessive values in the absence 
of light. The dark voltage must not be set too low, however, because if it is 
the pulses due to an illuminated region are inadequate to operate .the relay 
that connects the regulating circuit. 

Set the RPM control according to centrifuge speed, turn on the sta
23 

tionary-photomultiplier power supply, place the Mode switch at Reference, 
and record a scan. The resulting trace should be flat and include a radius 
marker. Examine the reference trace, then adjust the Trace Amplitude, 
Trace Position, and Filter controls accordingly. Filter, which is set ac­
cording to scanning time (Fig. 25), determines. the high-frequency response 
and influences resolution and output noise. If Filter is used judiciously in 
combination with slower scanning speeds, a high degree of resolution can be 
obtained with comparatively noisy photomultiplier pulses. 

Change the Mode switch to Difference, return the scanner to the air 
space, and adjust Null until de pres sing Baseline does not change the recorded 
level. This adjustment balances the gates under common optical density con­
ditions, and the function galvanometer assumes a position that corresponds to 
zero optical density. Subsequent traces in the Difference mode record density 
difference between reference and sample of the selected cell. (If a calibra­
tion is desired, trace amplitude can be adjusted to provide the desired density 
deflection per optical density, as indicated in Sec. V. D). The Difference 
traces of both cells should be recorded several times in order to confirm set­
pulse performance. Set pulses ensure that the system records the same .cell 
every scan with the cell switch at a given position. If set-pulse amplitude 
is incorrect, switching becomes erratic and produces inconsistent and/or 
noisy traces. If the traces are noisy the stationary-·photomultiplier supply 
should be turned off for us to see if noise is reduced; if it is, set pulses are 
probably responsible. Adjust the Set control until the traces are satisfactory. 
If this is not possible, it may be necessary to adjust the Schlieren optics as 
described in Sec. VI. E. 
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If set-pulse amplitude is satisfactory, a radius marker should appear 
in the Difference trace of both cells. If it doe sri1t the scanner -activated 
switch probably needs adjustment. The adjustment is not routine so is also 
discussed in Sec. VI. E. 

B. Double -Sector Operation, One Cell 

Operation with one double-sector cell is essentially the same as with 
two, the principal exceptions being cell loading (see Fig. 2), and the setting 
of the cell selector [whichis set to "0" (1 DS)]. · The "0" position biases ,the 
cell switches so that both cell gates are continueusly open. Set· pulses are 
unnecessary. The Schlieren light and stationary-photomultiplier supply can 
be turned off. 

C. Single -Sector Operation, Two Cells 

The first requirement for this type of operation is that the cells be 
loaded with regard to rotation as shown in Fig; 3. Sector/cell switch is set 
at "1", the cell selector at 2 (SS). If the cell selector is set at 1, pulse 
routing becomes erroneous- -the reference pulses are admitted to the sample 
hold and vice versa, and Visicorder deflection is reversed accordingly. Sub-. 
sequent operating procedure is the same as with two double-sector cells. 
Set pulses are necessary throughout the scan; the scanner -activated switch is 
not permitted to disconnect them when the controls are set as indicated. Set­
pulse amplitude is generally more critical with single- sector operation be­
cause the· set pulses cause switching every rotor revolution. 

D. Calibration 

To measure optical density, record the Difference traces in the con­
ventional manner, then position the scanner for reference and sample pulses 
of equal height and 2-V amplitude, Depress the OD pushbutton and adjust the 
Calibrate dial to produce the same deflection as that of any part of the re­
corded trace one wishes to measure. Note the resulting dial-setting and con­
sult the calibration graph (Fig. 33) to find the corresponding optical density. 
System performance is quite linear up to optical densities greater than 1.5 so 
the deflection can be considered proportional to density at lesser values . 

. Optical density in the centrifuge is 1. 2 times the value for a 1-cm path length. 

Leaky cells are not uncommon. If the measured density differs from 
the expected value, one should observe the photomultiplier pulse amplitude 
ratio, reference to sample. The logarithm of that ratio represents optical 
density for a 1. 2 -em path length. Optical density, when a 1-cm path length 
is used, is 0.833 times that for a 1.2-cm path length. 

The calibration graph (Fig. 33) was derived empirically from a single 
solution of known density. In order to obtain the plot, select a solution with 
optical density approximating 1. Assuming an arbitrary density of 0. 97, ad­
just the Trace Amplitude control for 97 -mm deflection when operating· in the 
Difference mode. With the assumption of linearity, each mm represents an 
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optical density of 0.01. Depress the OD pushbutton, adjust the Calibrate 
dial for 97 -mm deflection, and record the dial setting required. Choose 
other dial settings and plot the resulting deflection (each mm represents 0.01 
OD). The curve is flat at higher optical densities because the charging diodes 
require a fractional volt to become conductive. Nonlinearity is du~ to atten­
uator loading, and it do~s not indicate that the system response is nonlinear. 

If the calibration is compared with solutions of measured optical den­
sity, agreement is excellent over the linear range. The calibration cross­
check is easier if one uses a sample sector with three compartments; each 
compartment should be filled with a solution of appropriate density. 

E. Derivative Operation 

If a derivative is required, the related Amplitude, Position, and Fre­
quency Response controls are adjusted to record the derivative simultaneously 
with the desired function (see Fig. 37). Derivative amplitude is directly pro­
portional to scanning speed, and cleaner traces can be obtained with fast 
scans. If resolution is inadequate or the derivative waveform distorted, Fil­
ter and Frequency Response must be adjusted accordingly--perhaps by slower 
scanning. 

Most noise originates at the scanning photomultiplier; higher dynode 
voltages increasing noise. It is desirable, therefore, that the photomultiplier 
operate at the lowest possible voltage that yields 2-Vpulses (below 1000 V is 
desirable). Light intensity and illumination (related to wavelength, light 
source, aperture, and photomultiplier- slit area) determine the voltage re­
quired, and one or both may be altered for cleaner traces. 

It should be emphasized that the derivative responds to the change with 
time of the recorded function. Steeper boundaries and faster scanning rates, 
therefore, yield derivative signals of greater amplitude, improving signal/ 
noise ratio accordingly. If one is interested in the derivative of a mildly 
sloping boundary, he should scan faster. The resulting integral trace will be 
limited in resolution and some portions of the recorded trace will be a dis­
torted version of the true profile. Even so, the boundary can be recorded 
with fidelity. Boundary fidelity can be tested by lowering the filter setting 
until the boundary steepness is unaffected by filter setting. When the optimum 
integral is obtained, set the Frequency Response control to the highest setting 
that produces an undistorted derivative. If the radius marker is overly dis­
torted, one can superimpose sequential traces in order to disclose boundary 
movement. Appendix C includes tables showing frequency characteristics as 
a function of filter and frequency-response settings. 

F. Crosschecks 

The system includes a number of crosschecks to provide assurance 
of satisfactory performance. For example, the Mode- selector switch permits 
one to record the density profile of every sector. Sector traces in combina­
tion withoscilloscope pulses are a powerful tool for detecting switching anom­
alies. Knowledge of cell contents and menisci location are also helpful. 
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Fig. 37. Visicorder traces illustrating derivative operation in each of 
three modes. The response is logarithmic, and therefore indicates 
optical density as shown: (a) A scan recorded with the Mode switch 
in Reference position. The system responds to reference -cell con­
tent, a solvent (0.1 molar phosphate buffer, pH 7.4). The upper 
trace records the derivative. (b) A repeat scan with the Mode switch 
in Sample position. The system now responds to sample -cell content-­
alcohol dehydrogenase plus DPNH dissolved in the solvent indicated 
above. The radius markers are rejected by the gating ·circuits. The 
derivative is inverted for reasons described in the text. (c) A third 
scan with the Mode switch in Difference position. The system re­
sponds to the density difference between cells, compensating for non­
uniform illumination. Radius· marker amplitudes have no significance 
in terms of optical density. The sharp spike following the left-hand 
radius marker results from a disparity between the radial position of 
the reference and sample cells. The spike adjacent to the right -hand 
radius marker results from sedimentation in the sample cell. Pre ­
ceding modification, one double -sector cell. Derivative traces from 
the modified version are much cleaner. 
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The Mode switch includes a Reference Transmittance position that 
bypasses the log amplifier. Such bypassing permits linear recordings of 
either reference sector and facilitates alignment and focusing of the optics. 
If one wishes to study the illumination profile or the menisci, he must set 
the photomultiplier supply for internal regulation. The transmittance modes 
are useful because they accentuate those changes normally minimized by the 
logarithmic circuit. The log circuit , on the other hand, is useful in exagger­
ating changes that occur at input amplitudes that are small relative to normal­
amplitude pulses. The Mode switch includes a position for recording Sample 
Transmittance. The transmittance modes are not truly linear but they are 
useful for aligning the optics. They also facilitate trouble shooting. The 
Baseline pushbutton is disabled in the transmittance modes. 

The Baseline pushbutton is useful for checking null accuracy. For 
example, null is generally made at the air space, a position where reference 
and sample-pulse amplitudes are essentially equal. When nulling, we com­
pensate slight disparities b e tween the reference and sample channels, ad­
justing their relative gain until .the pulses cancel. If both puls e s are reduced 
to zero or disconne.cted (Baseline depressed), the differ e nce should remain · 
at zero and the function galvanometer should not change position. If it does, 
the subtraction, or null , was imperfect in the first place. Depressing Base·­
line indicates the galvanometer position where perfect null prevails. Compare 
this position with pertinent parts of the Diffe rence trace to ensure that the null 
was made with the requir ed precision. The Baseline pushbutton is also useful 
in revealing the influence of switching spikes. If those spikes c harge the 
holding circuits to any appreciable value, the baseline shifts when switching 
commences; i.e., when the scanner moves from regions of darkness to light 
and v ice versa, even though the Baseline pushbutton is depressed. Null ac­
curacy is related to the amount of shift, with sm-aller shifts yielding gr eater 
accuracy . 

Concerning Visicorder galvanometers, it is desirable that the integral 
galvo. be mechanically positioned at the zero optical density ( 12 em) position 
with the Trace Amplitude control at zero. This ensures that the electrical 
and mechanical zeros coinc ide , and that the baseline does not move when the 
mode selector is changed to sample.mode. 

Reference-pulse regulator performance can be checked in several ways. 
One is for us to observe r efe rence -pulse a mplitude while scanning. The ref­
erence pulses should remain essentially constant in amplitude throughout the 
scan when the photomultiplier supply is set for External regulation. A Visi­
corder trace in the Reference Transmittance mode is also helpful, especially 
whe n compared with a Referenc e Transmittanc e trace taken with the photo­
multiplier supply set for Internal regulation. 

Calibrator accuracy can be confirmed if one measures the pulse­
a mplitude ratio as describe d in S ec. V.D. 
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G. Anomalies 

Anomalies appear in many forms . Sample traces, for example, 
should not include a radius mark e r , but if t he y do it may be because of an 
incorrect Delay s e tting . If the gahng circuits switch too soon, the sample 
hold charges up to that residual level of the r a dius -ma rker pulse that exists 
a t the time of switching. This switching error c a n be corrected by one's ad­
vanc ing the Delay control and adjusting for minimum radius -marke r height 
w ith stable traces and with the Mode switch in Sample position. 

Anomalies sometimes appear al so in the refe rence-c e ll trac es, as 
shown in Fig. 38. If they do, it may be b ecause of light scatter i ng. Light 
scattered by the cells or by the radius-marker hole sometimes produces 
spurious puls e s when the s canne r is near t h e radius -marker image. These 
pulses are displac e d in time from the des ired pulses a nd are usually apparent 
on the oscilloscope. Whe n exagge r ated by t h e logarithmic amplifier, they 
have appreciable magnitude, a s shown in Fig. 39 (center puls e, upper trace). 
If t he traces se e m to indicate scattered light , the oscilloscope should be con­
n ected to monitor the r efe r e nce and sample holds . If scattered light is re-; 
'sponsible, spurious pe aks will a ppear as shown in Fig. 40( a ), l ower trac e. 
This e ffect is apparent only if the h olding-cir c(lit discharge -time constant is 
short enough that its d ecaye d voltage at the t ime of the spur ious pulse is less 
than the logarithmic amplitude of the spurious pulse a rriving . 

Scattered light is sometimes evident in the recorde d traces of only one 
cell. It is not evident in both cells because the switching circuits discrimi­
nate against it diffe r e ntly with the cell - selector switch at 1 than w ith the ce ll 
selector at 2 . Th e r easo n becomes mo r e apparent when one refers to Fig . 1. 
Scattered light puls e s from the radius-marker h ole follow Cell-2 pulses by 
2 70- deg rotation; they fo llow C ell -1 puls es by only 90 degr ee s [the radius­
marker (Schlier en) optics is displaced 180 d eg from t he absorption optics ]. 

Sometimes the difference trace ind icates less d ensity a t greater radii. 
This is contrary to the sedimentation proces s and is usually due to imprope r 
i llumination. In the event of such traces, record the illumination profile 
(r e ference trace, inte rnal r egulation) and a sample trace with exte rnal reg ­
ulation. In some cases the light transmitted at greate r radii is m ore al­
though the illumination is l es s, and optical density within the ce ll is constan t 
with radius. This phenomenon might be due to l i ght dispersion resulting from 
nonparallel light within the celL 
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Fig. 38. Visicorder trace showing the reference -cell-profile distortion 
resulting from scattered light. The holding-circuit discharge -time 
constant is too short, as shown in Fig. 40. Preceding modification, 
one double-sector cell. 
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Fig. 39. Single exposure of an oscilloscope trace, dual-beam, taken with 
the scanner positioned at one of the radius -marker holes. Scattered 
light is prevalent, producing spurious pulses when the two sectors 
(one double-sector cell) appear 180 deg after the radius marker. The 
upper trace is the log output (inverted), exaggerating the almost in­
visible pips that appear in the center of the lower trace (the photo­
multiplier -output pulses). The amplitude of the pulses from the scat­
tered light is approximately 1% that from the radius-marker pulses. 
Preceding modification one double-sector cell. 
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Fig. 40. Oscilloscope traces, dual- beam, showing the reference -hold 
response to scattered light pulses: (a) The upper trace is the log out­
put; the lower trace is the r e ference - hold voltage. The holding-circuit 
discharge -time constant is short, so the spurious pulses increas e the 
average voltage output. (b) Same as (a) except that the holding-ci r c uit 
time constant has been increased. The holding circuit no longer re­
sponds to the spurious pulses . Preceding modification, one double­
sector cell. 
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VI. MAINTENANCE ADJUSTMENTS 

A. Pair and Cell Gates 

Refer to Figs. 2 8 and 60 (Appendix B). 

1. Operate the system with two double-sector cells; make sure that the 
pair and cell gates are switching properly. 

2. Turn both Bias controls counterclockwise (zero bias). 

3. Set the Null and Reference Amplitude controls to 0, Sector/ cell and 
Cell selector switches to position 2. (Cell-1 setting is also permissible.) 

4. Monitor the reference charging -diode input with an oscilloscope; ad­
just R 1 and R2 trim pots for minimum p edestal. 

5. Monitor the sample charging-diode input with an oscilloscope; adjust 
S1 and S2 trimpots for minimum pedestal. 

B. Regulating Gat e 

Refer to Figs. 28 and 63 (Appendix B). 

1. Operate the system double sector; make sure that the regulating gate 
is switching properly. 

2. Monitor the regulating-gate charging-diode input with an oscilloscope; 
adjust R trimpot for minimum pedestal. 

3. Adjust the R Gain control to the minimum value producing satisfactory 
regulation. If gai!l is excessive, the regulator relay fails to de-energize in 
dark regions, and the photomultiplier-supply voltage becomes excessive. 

C. Holding Circuits 

Refer to Figs. 27 and 61 (Appendix B). 

1. Complete the gate adjustments as i ndicated in Sec. VI. A. 

2. Set the Null and Reference Amplitude controls to 1000. 

3. Monitor the reference hold with an oscilloscope (10-Mrl probe); adjust 
trimpot G1 until the hold voltage decays to one-half its peak value (de levels). 

4. Monitor the sample hold with an oscilloscope probe; adjust trimpot G2 
until the hold voltage decays to one-half its peak value (de levels) . 
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D. Bootstrap Amplifiers, Bias 

Refer to Figs. 27 and 61 (Appendix B) . 

1. Complete the gate and holding circuit adjustments, Sees . VI. A and 
VI. C. 

2. Set Trace Amplitude to 1000, Trace Position to 500, Null and Ref­
erence Amplitude controls to zero . 

3. Adjust Reference Bias for 0 , 15 volt at reference charging -diode input. 
The function gal vanometer should be at l east 1 em to the left of the base -:-line 
(zero OD) position (normally at the 12-cm position) . If it is not, Reference 
Bias should be increased until it is; the spot appears at 11 em if the base 
line position is at 12 em. 

4. Adjust Sample Bias until the Visicorder spot returns to the base-line 
position ( 12 em). 

E . Set-Pulse Adjustments 

When making these adjustments, refer to Fig . 62. S e t-pulse ampli­
tude is critical, principally because the Schlieren light source is ac oper­
ated (60 cps) . Such ac operation produces intensity modulation, which causes 
pulse amplitude to fluctuate more than tenfold. The height of a given pulse is 
related to the instantaneous line voltage prevailing when the rotor exposes 
light, and to the total illumination at the photomultiplier . 

Light fluctuations are compensated somewhat by the addition of a pulse 
amplifie r (Fig. 32) that raises low-level pulses to a satisfactory magnitude 
and limits high-level ones to a maximum. Ampli fication is not the total solu­
tion, however. Scattered light pulses from the cell images generally appear 
at the stationary photomultiplier even though it is not, in theory, positioned 
to intercept them. These scattered light pulses have an amplitude approaching 
the minimum set-puls e amplitude. They ar e displaced in time from a proper 
set pulse, and they produce erratic switching . 

In order to counteract the scattered light we add a removable plate just 
afte r the camera lens of the Schlieren optics . This plate intecepts light from 
the cell images only and permits light from the radius marker to pass un­
attenuated. Set-pulse -amplitude adjustments are as follows : 

1. Operate with two double- sector cells; set cell selector at 1; monitor 
S e t jack (Fig. 25) with an oscilloscope . 

2. Remove the yellow filter above the Schlieren light source. 

3 . Be sure that the stationary photomultiplie r is positioned to intercept 
the radius -marker image. R otate the photomultiplier until the set pulses are 
at a maximum and scattered light puls e s have no appreciable magnitude. 
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4. Adjust the Schlieren-light aperture until the minimum set -pulse am­
plitude is approximately half the maximum value. 

5 . Adjust the removable plate following the Schli e ren camera l e ns until 
the scattered light pulses are at a minimum. If the plate is positioned prop­
er ly genuine set pulses are unaffected and scattered light puls e s are r e duced 
to much less than the minimum value df the . legit'imate set pulses . 

6. Record the Difference traces of both cells several tim e s. Th e traces 
should be clean and the system should r ec ord the same cell e ve ry time we 
s can with the Cell Selector switch at a given position. If it does not, adjust 
the set contro l until these conditions are met. 

When s e t-pulse amplitude is satisfactory, a satisfactory r a dius marke r 
should a ppear in the Differ e nce trace of both cells . If it doesn't, the scanner­
activated switch probably needs adjustment and the fo llowing procedure is in­
dicated : 

1. S e t the s e lector switches to r e cord cell -2 Diffe rence . 

2. Using the oscilloscope, positi on the scanne r a t the inne r radius of the 
r a dius marker. 

3. Turn the micrometer adjustment that activates the set-puls e switch (Fig. 
19) counterclockwi s e until the shoulder no l onger depresses the switch a nd 
the radius marke r produces a Visicorder deflection. Record a scan, then 
examine th e trace . If the e ntir e radius marke r does not appear, the micro­
meter should be a djusted counterclockwise until it does. If turne d too far 
(ccw ), anomalie s a ppear at the ce ll bottom, indicating that se t pulses hav e 
been disconnected too soon. 
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VII. PERFORMANCE 

A number of performance tests were conducted. Many of these in­
volve oscilloscope presentations and some were photographed to convey 
performance characteristics more accurately. One photographic series re­
veals pulse separation. Other photographs disclose switching relationships, 
holding-circuit performance , and logarithmic response. Also included are 
representative Visicorder tracings and a calibration plot to indicate the 
range over which the system is linearly responsive to sample optical density. 
Some tests .were conducted preceding conversion, but the results are rel:.. 
evant to the modified version. Tests prior to conversion are so indicated. 
Some oscilloscope traces are included in Appendix D. 

A. Visicorder Traces 

Figure 41 is an interesting demonstration of double-sector perform­
ance with two cells. Figure 42 records performance when the light source 
was on the verge of failure , with the light pulsing in amplitude almost peri­
odically. Another series, Fig. 43, illustrates compensation resulting from 
the difference system when the illumination profile is extremely nonuniform. 
Figure 44 illustrates regulator pe :dormance . 

B . Oscilloscope Photographs 

Pulse-separation photographs are shown in Fig. 45. With regard 
to switching, the gating circuits have been very reliable. It is frequently 
possible to cover the speed range between 1000 and 60 000 rpm without 
changing the Delay control. 

The switching time measures less than 1 IJ.Sec, as shown in Fig. 46. 
This photograph confirms that switching occurs in the time interval between 
11 mates . 11 

Figure 4 7 shows switching signals applied to the pair gates. The 
reference and sample cells are gated out-of:- phase, as indicated. One-shot 
duration is five times greater when the centrifuge is operated below 6200 
rpm. 

Also interesting is the time required for each hold to charge to the 
input-signal level. This time is related to the RPM setting. When set for 
60 000 rpm, the sample-hold charging time measures 2 IJ.Sec, as shown in 
Fig . 48. The discharge time constant is shown in Fig. 49. 

Another concern is logarithmic response to pulses, especially at 
60 000 rpm . With this in mind, another series was taken to record frequency 
and amplitude characteristics . One photograph, Fig. 50, shows log 
a mplifier response to a photomultiplier pulse pair. The waveform is clean, 
and the pulse-amplitude ratio conforms to the value expected from manufac ­
turers• date (Fig. 51). 
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Fig. 41. Visicorder traces illustrating performance with two double--sector 
cells. The reference -pulse regulator was disabled in order to indicate 
the improvement resulting from the difference system. (a) A scan re-­
corded with the Mode selector at Reference, the Cell selector at 1. 
(b) A repeat scan with the Mode selector at Sample, Cell selector at 1. 
(c) A third scan with the Mode selector at Difference, C ell at 1. (d) Cell 
selector at 2, Mode selector at Reference. (e) C ell at 2, M ode selector 
at Sample, (f) Mode Selector at Difference, Cell at 2. 
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Fig. 42. Visicorder traces recording an experiment in which the light 
source was on the verge of failure, pulsing in amplitude almost period­
ically: (a) A scan recorded with the Mode switch at Reference Trans­
mittance. This is a linear response to reference -cell content. (b) A 
repeat scan with the Mode switch in Reference. Response is logarith­
mic, ' so the fluctuations are less apparent. (c) A third scan with the 
Mode selector at Sample. (d) A fourth scan with Mode at Difference. 
The light pulsations cancel, e:xcluding radius markers which are ex­
pected to fluctuate. (e) An expanded version of (d). The Trace Am­
plitude control was advanced considerably, moving the upper portion 
of the radius markers completely off the paper. Preceding modifica­
tion, one double -sector cell. 
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Fig. 43. Visicorder traces illustrating the compensation resulting from 
subtraction when the illumination profile is extremely nonuniform. 
Both cells were empty; Bs shows the base -line shift between scanner 
positions Pi and P2: (a) Mode switch in Reference Transmittance. 
This is a linear recording to emphasize the degree of nonuniformity. 
(b) Mode selector at Reference. This is a logarithmic response to 
the reference cell. (c) Mode switch at Sample. (d) Mode selector 
in Difference position. Preceding modification, one double -sector 
cell. Note the fiducial markers. 
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Fig. 44. Visicorder traces illustrating regulator performance, one double-
·' sector cell. Solution from the sample sector leaked into the reference 

sector. (a) Mode selector at Reference , internal regulation. (b) Mode 
at Sample, internal regulation. (c) Mode at Difference, internal regula­
tion. (d) Mode at Reference , external regulation. Note how the regulator 
compensates for changes in reference-pulse amplitude [see (a)]. (e) Mode 
at Sample, external regulation. (f) Mode at Difference, external reg­
ulation. 
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Fig. 45. Pulse -separation photographs at 60 000 r pm. Each circle is a 
single exposure of an oscilloscope trace, dual-beam: (a) The upper 
trace shows a photomultiplier pulse -pair as it appears at the output 
of the log amplifier. The trace beneath it show s the reference -hold 
voltage. (b) Sample -hold response to the same pair of input pulses. 
Comparison of (a) and (b) show s that the pulses are effectively sep ­
arated, and that each of the two "mates11 is routed to the appropriate 
holding circuit. Preceding modification, one d ouble -sector cell. 
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Fig. 46. Switching photographs at 60 000 rpm--a single exposure of a dual­
beam trace. The upper trace shows a photomultiplier pulse pair; the 
lower trace is the switching signal to the sample -pair 'gate. The sweep 
speed is 5 !J.Sec/cm, indicating that the switching time measures less 
than 1 !J.Sec. This photograph also confirms that switching occurs in 
the time interval between "mates." Preceding modification, one double­
sector cell. 



-7 0- UCRL-ii623 

(a) 

(b) 

Z N-360 7 

Fig. 47. Switching signals applied to the reference and sample pair-gates. 
Oscilloscope sweep speed is 200 f.LSec/ em; vertical sensitivity is 
iO-V /em, and zero volts corresponds to the centerline of the reticle: 
(a) Switching signal applied to the reference- pair gate, open for 720 
f.LSec at the centrifuge speed indicated. (b) Switching signal to the 
sample -pair g ate, open for 440 f.LSec, the measured duration of the one· 
shot pulse . One-shot duration is increased to 2 msec when operating 
below 6200 rpm. Preceding modification, one double-sector cell. 
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Fig. 48. A single exposure, dual-trace, for measuring the sample -hold 
charging time at 60 000 rpm. The upper trace shows a photomultiplier­
pulse pair; the lower trace indicates the sample -hold voltage with Mode 
at Reference and with a 6-V battery connected to the input (pin 9) of the 
sample gate. When so operated, none of the pulses is applied to the 
sample-gate input. The sample -hold responds to the 6-V battery, al­
ternately connected and disconnected by" the' switching circuits. The 
sweep speed is 5 f.Lsec/cm. The charging time measures 2 f.Lsec with 
the RPM control set for 60 000 rpm. Preceding modification, one 
double-sector cell. 
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Fig. 49. Oscilloscope traces illustrating sample -hold discharge -time 
constant. Oscilloscope sweep speed has been reduced enough to show 
the sample-hold response to two sets of pulse pairs. The time sep­
aration between "mates11 is very small compared to the time per rev­
olution, so it is difficult to detect the pulse -pairs which are very 
prominent in Fig. 45. The decay-time constant is very effective in 
increasing the average output voltage. With the time constant shown 
(a representative value), the average output level is approximately 
75% of the peak input v oltage. Preceding modification, one double­
sector cell. 
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Fig. 50. Single exposure, dual-trace, showing the logarithmic -amplifier 
response to a photomultiplier pulse pair at 60 000 rpm. The output 
waveform from the log amplifier (compressor plus amplifier) is indi­
cated by the lower trace. The log compressor exaggerates the noise 
superimposed upon low-amplitude pulses (high optical density). The 
waveform is clean, and the pulse-amplitude ratio ·conforms to the 
value expected from rp.anufacturer' s data, Fig. 51. Preceding modi­
fication, one double-sector cell. 
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Fig. 51. Logarithmic -compressor amplitude response, manufacturer's 
data. Test points are at 1 kc. Model C-7A logarithmic voltage 
compressor:(Kane Engineering Laboratories, Palo· Alto, California). 
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At higher optical densities the noise is exaggerated by the properties 
of the logarithmic compressor. This is more readily apparent if one con­
siders that the same noise is superimposed upon both the reference and 
sample pulses. If both pulses have large magnitudes relative to the noise, 
the noise component is minimized by the logarithmic properties. The same 
noise superimposed upon a pulse of lesser amplitude (higher optical density} 
produces a greater fluctuation at the compressor output, as shown in Fig. 50. 

C. Calibration Curves 

Log-compressor amplitude response is shown in Fig. 51. System 
response to pulse amplitude is also important. Visicorder deflection versus 
reference -pulse amplitude is indicated in Fig. · 5Z. Data were taken with the 
scanner positioned at the radius-marker hole. The photomultiplier-supply 
voltage was adjusted to produce pulses of various heights and the Visicorder 
deflection was recorded. Switching circuits were disabled for the test. 
The resulting plot indicates that response is logarithmic over an extended 
range. Subsequent tests revealed that nonlinearity at the higher input levels 
can be attributed to the log compressor. The plot does not pass through the 
origin because the charging diode requires a fractional volt to become con­
ductive. 

The most important consideration of performance is system response 
to solutions of measured optical densities. This is shown in Fig. 53. It 
represents total response and indicates that the system is linearly responsive 
(accz'2facy ± 1o/o of full-scale deflection) to optical densities between 0 and 
1.8. Maximum sensitivity is approximately 20 cm/OD. 

Multiple -cell operation expedites calibration, i.e., it permits simul­
taneous operation with two solutions, one in each cell. The results are con­
sistent with single -cell performance. One run provides two points; if extrap­
olated, those points should pass through the origin (zero optical density). 
System performance can be comprehensively tested in a single run. 

Optical density measurements are described in Sec. V. D. The cal­
ibration resulting appears in Fig. 33. 

D. Improvements 

Performance of'the modified version is considerably better than that 
of the earlier version, especially with regard to stability, switching, and 
the derivative. Stability is improved by the bootstrap amplifiers; switching 
properties are better because of the delay .urii and the reference-pulse reg­
ulator. The derivative traces are much cleaner due to an ·improved filter. 
The reference -pulse regulator sustains switching when illumination is ex­
tremely nonuniform or when a solvent of appreciable optical density is used 
(see Fig. 44). 
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0.1 1.0 10 
Photomultiplier output ( V) 
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Fig. 52. Visicorder deflection versus reference -pulse amplitude, Mode 
switch at Reference, and the switching circuits disabled {delay control 
at 1000). The scanner was positioned to intercept the radius-marker 
hole {one double-sector cell) and the photomultiplier-supply voltage 
adjusted to produce pulses of various heights. Preceding modification. 
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1.0 1.5 2.0 

Optical density 

MU-29379 

Fig. 53. ·System response to solutions of measured optical densities, Mode 
at Difference. The deflections are approximately 25% of those obtain­
able at maximum gain. The calibration indicates that the system is 
linearly responsive (accuracy± 1% of full-scale deflection} to optical 
densities between zero and 1..8. The photomultiplier supply was ad­
justed for 2-V reference pulses. Optical density in the centrifuge is 
1.2 times the value for a 1.-cm path length. Preceding modification, 
one double-sector cell. 
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E. Applications 

Articles relevant to scanner applications are indicated in references 
25 through 27. These articles chronicle scanner evolution and indicate some 
of the studies that have been made. Future articles will emphasize derivative 
performance, spectral analysis techniques, and calibration applications. 
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VIII. FUTURE CONSIDERATIONS 

The opportunities for extending scanner performance appear to be 
unlimited. Among them are: 

1. Operation with a greater number of cells. 

2. Operation with two single -sector cells, each cell approaching a sector 
angle of 90 degrees. Circular slits could provide the resolution necessary. 
This approach is less ·practicaLif ultraviolet light source:S of higher intensity 
become available. 

3. A servo arrangement for synchronizing the scanning mechanism with 
the recorder-chart drive. Recorder traces, in that event, would have a 
magnification factor independent of scanning speed. 

4. A printer for recording such information as run number, time, and 
date on each recorded trace. This could prevent confusion should the traces 
be filed erroneously. 

5. Computer techniques for extending accuracy. Recording techniques 
could permit data processing subsequent to scanning. 
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APPENDICES 

A. Derivations 

The primary requirement of any system is that its response be 
linearly related to the optical density OD of the sample, or by definition, 

OD = log I /1, 
0 

(1) 

where OD is the optical density of the sample, I is the light intensity 
entering the sample, and I is the attenuated valu~ after absorption. 

The ratio I/I is termed transmittance. With regard to the sample, 
the term I/I may '5e designated v, or: 

0 

v = I/I 
0 

(2) 

Substituting (2) into (1) we obtain 

OD =log 1/v. (3) 

The next procedure is to develop an expression for the system re­
sponse in order to ascertain that it does conform to Eq. (3). With this in 
mind a derivation follows: 

Figure 54(a) is a simplified diagram of the reference-cell optics, 
consisting of a light source, the reference cell, and a photomultiplier. If 
we assume that the photomultiplier is linearly responsive to light intensity, 
it develops a peak pulse amplitude proportional to its sensitivity P , the 
light intensity L , the light-fraction intercepted f , and the transdiittance 
of the reference ~ell R (cell window plus solvent). r Expressed as an equa­
tion, this gives us 

e = P L f R 
r r r r 

(e = PM output voltage). 
r 

( 4) 

Referring to Fig. 54(b) the sample path includez;
8
the sample cell of 

transmittance S(cell window plus solvent) and a virus concentration of 
transmittance v: 

e = P L f S v. (5) 
s s s s 

The subscripts to P, L, and f have been introduced to account for 
differences between each channel. I£ the time interval between sample and 
reference pulses is short, and if the scanning mechanism moves only a 
short distance during that time, the ratios P /P , L /L , and f /f can 
be considered to be 1. Their individual value1, m~y v[ry ~hrougho1It fue scan, 
but their ratios do not. 

If we take the log of Eqs. (4) and (5), and then subtract, 

log e - log e = log R/ S - log v. ( 6) 
r s 
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MU-29002 

Fig. 54. Optical system, simplified diagram, for purposes of derivation: 
(a) Reference -cell light path, 'and (b) sample -cell light path. 
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If the ratio R/S is constant, Eq. (6) indicates that the log difference 
varies with virus density, and that it is displaced from zero by some amount 
related to the ratio_ R/S. If R/S is 1, there is no displacement, and the. out­
put level is directly proportional to virus optical density. 

The preceding discussion indicates that a log operation is necessary, 
but does not provide for the fact that the log amplifier is logarithmic over a 
limited range. It also fails to consider channel disparities, such as channel 
gain differences. With this in mind, a derivation involving the additional 
parameters follows: 

Referring to Fig. 32, we find that each channel produces a holding 
circuit voltage H proportional to the log-amplifier output voltage V, channel 
gain A, and holding-circuit gain constant T. Writing the expression for 
each channel, we obtain 

H = V A T , 
r r r r 

(7) 

and 

H =VAT. s s s s 
(8) 

Let us assume that the log amplifier is common to both channels, 
that its response is similar to that shown in Fig. 51, and that operation is 
confined to the linear region between 1 and 2. An examination of the figure 
reveals that the peak pulse amplitude appearing at the log amplifier output 
may be described by an equation of the form, v = v o+ m(log e-log eo). 
Elaborating, the log output voltage V is equal to some constant V , plus 
the slope m, (which depends upon log-amplifier gain), times .the dHference 
between the logs of the input voltage e and the voltage corresponding to the 
abscissa of V 

0
, or e

0
. Expressed as an equation for each channel, we 

have 

v r = v o+ m(log er (9) 
and 

(10) 

In practice, the log output voltage from each channel is routed to a 
different holding circuit, and so the gain constants T and T are not 
exactly equal. This is corrected with the Null adjust:fuent so fuat the gain 
ratio A I A compensates for their difference. 

r s 

Substituting the values of (9) and (10) into (7) and (8) respectively, 
the holding circuit voltages, H, may be expressed 

Hr = Ar Tr (V 0 + m log er/e 0 ) 

Hs =As T s (V 0 + m log es/e 0 ). 

( 11) 

( 12) 
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With regard to recorder deflection D, the amplitude is proportional 
to the voltage difference across the holding circuits multiplied by the gain 
constant G that follows the difference amplifier input. Rewriting and sub­
stituting the values of Eqs. (11) and (12), we get 

The null adjustment is normally made in the air space where the 
transmittance v is equal to 1. When D is adjusted for zero, the gain 
ratio has been adjusted so that 

[

V 0+ m log e~je 0 ] 
AT =AT 

r r s s v 0+mloge;/e0 
( 14) 

The primes have been added to represent photomultiplier output volt­
ages when positioned in the air space at both cell (v = 1). 

If Eqs. (4) and (5) are substituted into Eq. (14), and if it is assumed 
that the quantities. P, L, and f, do not change in the time interval between 
the reference and sample pulses, and that the values of R and S are equal 
and constant, then 

A T = A T . r r s s 
( 15) 

Substitut-ing the values of.Eqs. (4), (5), and· (15) into Eq. (13), the 
recorder deflection D becomes. 

D = G A T m log 1/ v. 
s s 

(16) 

Equation ( 16) indicates that the recorder deflection is p;roportional 
to virus concentration, The amount of~..-deflection for a given virus trans­
mittance is controlled by adjusting the value of G. This is done with an ad­
justable attenuator (Trace Amplitude), which determines the output level 
applied to the Visicorder galvanometer. This equation also indicates that 
the sys.tem response is independent of variations appearing in the illumina­
tion profile. 

The previou; derivation was made on the assumption that R and s 
are equal, Equation (16) shows that non-uniform illumination is not impor­
tant, provided that we stay within the linear region of Fig. 51. Let us now 
assume that R and S are not equal, then deduce the errors resulting from 
nonuniform illumination profiles that are considered acceptable to system 
performance. 

Substituting Eq. ( 14) into Eq. ( 13 ), we have 

D =GAT ~~(Vo+ m log e~/eo) (Vo+ m loge)eo)- (Yo+mloge leo). (17) 
s s ~ v 0 + m log e~/e 0 · s j 
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The quantity in the first parentheses is a constant K . Referring to 
Eq. (14), it represents the ratio A T /A~ after the null adjustment has 
been made. Its exact value depend§ uponsthe absolute magnitude of P, L. 
and f which existed at the time of nulling, or 

v o+ mlog e~/eo 
V 0 + m log e 7 e 0 

( 18) 

If we assume that P,' L, 
between pulses, substituting Eqs. 

and f are constant in the time interval 
(4), (5), and (18) intoEq .. (17): 

This .may be rewritten: 

D = G AsTs[K 1v
0+ K

1
r:n logR/e 0 - v

0 - m log Sje 0 

+K
1
mlogPLf-mlogPLf-mlogv]. (20) 

The first four terms are constant~if we call K
2 

( 21) 

Substituting Eq .. (21) into (20), and rewriting, we have 

D= GAT [K
2

+(K
1
-1)mlogPLf-mlogv]. s s . (22) 

Equation (22) reveals that if R and S are not equal, the virus 
profile will be modified by the illumination profile, The degree of modifi­
cation is related to the percentage variation of the quantity {P L £) and to 
the magnitude of (K

1 
-1). Referring to Eq. ( 18), when R and S are equal, 

both pulses, e 1 and e 1 , are equal, and so K is equal to 1. In that case, 
K 2 and the illufninatiorf term, (K

1
-1) m log Pl-f, fall out of Eq. (22), as 

expected. 

Let us now consider the practical case to find out the extent to which 
this split-beam system compensates for non-uniform illumination profiles. 
The Visicorder tracings of Fig. 43 are a good example. Both cells were 
emp.ty, offering negligible attenuation, and so th~ reference and sample cell 
profiles are practically identical. The difference trace shows that the illu­
mination profile is cancelled out, and so the baseline is very flat, The 
values of R and S are very closely matched, but this is not surprising 
since both cells are enclosed by a common window material. 

The values of R and S are usually equal, but it is useful when they 
are not to have an equation formulating the magnitude that the baseline 
shifts. Referring to Eq. (22), we see that nonuniform illumination produces 
a baseline shift B rl equal to the change in value of the quantity G A T (K

1 
-1} 

m log P L f from fhe value that it assumes at the position where th~ ntH 
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is made. This deviation from the true baseline Bd changes with scanner 
position, and it may be expressed as 

Bd = G AsTs (K1 -1) m (log P' E f'- log PLf), {2 3) 

where P 1, L 1 , and f 1 represent the magnitudes of P, L, and f at the time 
when the null adjustment was made. 

The absolpte magnitude of B can be computed, if desired, but there 
is another quantity related to it whic<h is more interesting. For example, 
it is useful to know how a baseline shift with the difference system compares 
with the shift of single-beam, assuming the illumination profile is the same 
in both cases. Referring again to Fig. 43(b), reference optical density prior 
to taking the difference, the illumination profile changes by a magnitude B 
when the scanner is moved from P 

1 
to P

2
. This is equivalent to a shift s 

in the baseline, and we wish to know the extent to which the magnitude of B 
is reduced by the difference system when R and S are not equal. In es- s 
sence, we wish to know the ratio of Bd/Bs. 

The magnitude of B can be deduced from Eq. {13). When the Mode 
switch is in Reference posit1on, the holding circuit voltage H of Eq. {12) 
does not appear in the output, and so the deflection in this moae, D , be-

s comes 

(24) 

The baseline shift in this mode, B , is equal to the difference be­
tween the values that D assumes when tlfe scanner is moved from position 
1 to position 2 of Fig. 43(b). Assuming that the null is made at position 1, 
substituting Eqs. ( 4) and (5) into (24), we obtain the value of D for positions 
1 and 2: s 

and 
D 1 = G A s r 

GA 
\ r 
I 

T r (V 0+ m log P' L' f 1 R/ e 0 ) (position 1), 

T r (V 0+ m log P L f Rj e
0

) {position 2 ), 

( 2 5) 

(26) 

The baseline shift· B is equal to the difference between Eqs. (25) 
and (26). Subtracting and srmplifying, we obtain 

B 
s 

G A . T m(log P' L' f' /P L f) 
r r 

Substituting Eq. 14 into 27, we get 

B = G A T m ;r---,----· -.-----,-,-r--
. (V 0 +mloge~/e 0~ 

s s s V 0 +mloge~/e 0 
log .P' E f'/P L £. 

Substituting Eq. ( 18) into (28), we have 

B = G A T m K 1 log P 4 L' f'/P L f. s . s s 

( 2 7) 

{28) 

(29) 
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We wish to find the ratio Bd/B . Substituting the values of Eqs. (23) and 
(29), and simplifying, we get s 

(30) 

If Eq. (30) is to be of value, we must determine some typical values 
of K

1
. Equation (18) formulates its magnitude, but we need to know the 

magmtude of m. Referring to Fig. 51 and Eq. (9), and substituting arbi­
trary values, we have 

0.36 = 0.02 + m (log 100- log 0.1). ( 31) 

Solving for m, we obtain 

m = 0.11. ( 3 2) 

Referring now to Eq. (18) and Fig. 51, assume a mismatch between 
the reference and sample pulse voltages, A 20% mismatch would typically 
represent values of 2 and 2. 4 volts for e' and e 1 respectively. Substituting 
the appropriate values from Fig. 51 into ~g. ( 18)~ we obtain 

K = 0.02 + 0.11 log 2/0.1 = 0 954 
1 0.02+0.11log2.4/) .. 1. · · 

( 3 3) 

Substituting the value of K
1 

from Eq. (33) into (30), we get 

Bd/Bs = (0,958 = 1)/0.958 = -0.048. (34) 

The negative sign indicates an overcompensation when the value of 
e' < e' . If their values are interchanged to become 2 V for e 1 and 2.4 V 

s r r 
for e 1

, Eq. (34) assumes a value of +0. 051. 
s 

Equation (34) indicates that if the cells are mismatched in the ratio 
of 2/2.4, the difference system reduces the magnitude of the baseline shift 
to 5.1% of the value that it would have in the absence of the difference scheme. 
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Fig. 55. Operational unit, simplified schematic for trouble -shooting. 
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Fig. 56. Scanning photomultiplier and emitter follower. All photomulti­
plier resistors are 100k, 0.5W, 5o/o, unless otherwise noted. Capac­
itors are 0.02 J..l.F, 1kV ceramic. All emitter follower resistors are 
o.sw. 
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Fig. 57. Linear amplifier and clamp. All resistors are O.SW unless other­
wise noted.· .The amplifier output is clamped previous t.o driving the log 
compressor. Attenuated outputs drive the gating chain, the gate driver, 
and the reference-pulse regulator gate. Amplifier output, unattenuated, 
also drives the relay-activating circuit at the reference -pulse regulator. 
(V 1 grid resistor, 680 k, is rather high). 
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Fig. 58. Logarithmic amplifier. All resistors are 0.5W unless otherwise 
indicated. The c'ircled unit is a packaged circuit, Engineered Elec­
tronics Company. The log compressor is batte'ry operated when sup­
plied by the manufacturer, but the batteries have ·been replaced by a 
power supply (Fig. 71}. Adjust compressor bias to value recommended 
by manufacturer. 
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Fig. 59. Gate drivers and calibrator. The circled units are packaged cir­
c.uits manufactured by EECO. Pin 1 connects to -i2V, pins 6 and 9 con­
nect to ground. The Calibrate potentiometer is a iOk, 10-turn helipot. 
It seems to be frequency (speed) insensitive, but further tests are con­
te-mplated.· Mode switch is 6-pole, 5-position, Central Lab 2525 non­
shorting. 
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Fig. 60. Pulse separators. The switches and 6-diode gates are fabricated 
into EECO containers (Fig. 3f). All diodes are fN643, all resistors 
are ±w. ~-1ndicates that the resistor is selected for the proper switch­
ing waveform. ~:c~:crndicates that the capacitor is selected to reduce the 
influence of switching spikes (selecting 2Ni990' s sometimes helps). 
The adjustments for Ri, Sf, R2, and S2 are indicat~d in the. text. 
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Fig. 61. Holding circuits, bootstrap and derivative amplifiers. The am­
plifiers, Burr-Brown model 1503, obtain power from± 12-V power 
supplies. Shielded coax to each amplifier is grounded at the relative 
amplifier only (avoids ground loops). Component values subject to 
selector switch settings are indicated by the accompanying table. All 
resistors indicated by iW are carbon; those indicated by MF are metal 
film, also iW. Adjustments for G1, G2, and Bias are indicated in text. 
The diodes (1N904) are matched, but this may not be necessary. The 
reference and sample amplifiers are bootstrap type. The RPM switch 
is a 6 pole, 12 position, fabricated from two Centralab PA2013 (4 pole, 
12 pos., 4 wafers). The Filter switch is 2 poles, 12 position, Leeds 
Northrup 31-3-0-2. The Frequency Response switch is 4 poles, 12 
position, Centralab PA2013. 
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Fig. 62. Gating chain. The circled units are packaged circuits manufac­
tured by EECO. Pin 1 connects to -:12-V, pins 6 and 9 connect to 
ground. The Sector/ cell switch is 8 poles; 2 position. It is fabricated 
·from 2 Centralab PA20:15 wafers (5 poles, 3 positions per wafer). The 
Cell switch is 4 poles, 12 position, Leeds Northrup 31-3-04. RPM 
table appears in Fig. 61. The RPM switch is ganged with holding cir­
cuits (Fig. 61); cell and Sector/cell switches are ganged with pulse 
separators (Fig. 60). 
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50.0. subminax, RG-t74/U 

tP28 

M U 8-4 7 31 

Fig.- 64. Stationary photomultiplier. ~:~Derived from Plasticap Power 
Supply, Model HV20-50ZM, 2kV, 5 rna, dropped to 900-V with a 
divider. The output coax connects to the set-pulse amplifier input. 
Resistors in dynode chain are 100k, iW; capacitors are 0.02 fJ.fd, 1kV 
ceramic. 
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Fig. 65. Set-pulse amplifier. All resistors are iW unless otherwise 
noted. Transformer T1 is Stancor PC 8409. 
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Fig. 66. Marker generator. Clairex CL3 is a photosensitive element. 
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Fig. 67. Scan control. Note 1.. Manufacturer connects A and B to shut­
ter (dashed lines). Relay 1. (DPDT, H.S V ac) is added and circuit 
modified to that shown. Note 2. Includes circuitry for two centri­
fuges --schematic shows machine I only. Machine II circuitry is iden­
tical except for differences indicated. The machines share a Visi­
corder; Relays RE3A and RE3B connects its chart control and timing 
galvosto the machine that is scanning. If both machines scan simul­
taneously the :timing galvos are connected to .machine I. Note 3. LS-4 
and LS'-s are safety limit switches at each end of travel. Note 4. LS-1. 
at START position, LS-2 at END position. Note 5. REZ-3 prevents 
RE3 from operating through motor capacitor when scanning in reverse. 
Plug in relays are preferable to those shown. 
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Fig. 68. Scan-speed selector. The circuitry will be modified so that the 
power supply is energi_zed only if either machine is scanning. 
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Fig. 69. Galvanometer control, two ultracentrifuges. 
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Fig. 71. Log-compressor power supply. All currents and voltages are 
measured at no-load . 
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C. Tables of Switching Properties and Frequency Characteristics 
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Table II. Filter and derivative frequency response parameters. 

Filter Parameters 
Filter Filter 
switch capacity 
position ( fiF) 

0 none 
1 none 
2 none 
3 none 
4 1 
5 2 
6 3.3 
7 5 
8 10 
9 25 
10 40 
11 100 

Centrif;:rge speed 
(rpm) 

600 to 720 .. · 
720 to 1100 

1100 to 2 200 
2 200 to 3 100 
3 100 to 4 300 
4 300 to 6 200 
6 200 to 11 000 

11 000 to 15 000 
15 000 to 22 000 
22 000 to 29 000 
29 000 to 43 000 
43 000 to 60 000 

Derivative 11 Frequency Response" Parameters 
Frequency response Shunt 

switch position capacity :Resistance 
( f.LF) (krl) 

0 none none 
1 0.1 10 
2 0.15 15 
3 0.2 20 
4 0.3 30 
5 0.4 39 
6 0.47 47 
7 0.57 56 
8 0.67 68 
9 1.0 100 

10 1.47 150 
11 2.0 200 

rpm Switch Holding 
position capacitors 

0 0.03 f.LF 
1 0.02 f.LF 
2 0.01 f.LF 
3 0. 007 J.lF 
4 0.005 f.LF 
5 0.0035 f.LF 
6 0.002 f.LF 
7 0.0015 tJ.F 
8 0.001 f.LF 
9 750 pF 

10 500 pF 
11 360 pF 

NOTE: Holding capacitors are either Mylar or mica. 



Table III. Gating chain-Delay time versus Centrifuge speed 
(calculated values). 

RPM RPM Switch Delay uni _ C T delay 
a 

T/deg 
b 

Delay 
position (fJ-F) (f.Lsec) (de g) 

600 to 720 0 0. 01 200 280 to 230 0.73 to 0.87 

720 to 1 000 1 0.01 200 230 to 150 0.87 to 1.30 

1100 to 2 200 2 0.0068 140 150 to 75 0. 91 to 1.80 

2 200 to 3 100 3 0.0033 68 76 to 54 0.87 to 1.20 

3 100 to 4 300 4 o. 0022 46 54 to 39 0.85 to 1.20 

4 300 to 6 200 5 o. 0022 46 39 to 27 1.20 to 1. 70 

6 200 to 11 000 6 0,001 22 27 to 15 0.81 to 1. 50 

11000 to 15 000 7 0.000510 12 15 to 11 0.81 to LO I ,..,.. 
0 

15 000 to 22 000 8 0. 000 510 12 11 to 7.6 1.0 to 1.6 ~ 

22 000 to 29 000 9 0.000250 7 7'.6 to 5,8 0.92 to 1.2 

29 000 to 43 000 10 0.0002 6 5.8 to 3.9 1.0 to 1 .. 5 

43 000 to 60 000 11 0.0001 4 3.9 to 2.8 1.0 to 1.4 

a C 
T delay = ( 50 f 2) fJ-Sec (C in pF) T is the delay time introduced by delay urii:. 

bT/deg is the time required for the r·otorto turn o:rie~·degree = 10
6
/6 rpm(fJ-sec). 

c::: 
() 

~ 
t"' 
I ,..,.. 

,..,.. 
0' 
N 
VJ 
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Table IV. Filter- frequency characteristics and influence on 
resolution (calculated values). 

Switch Capacity Rise time 7fJo/o Resolution = Ts/Tr a 

position Frequency 6 sec 
(filter) (1-L F) (ms ec) (cps) 6min 1 min 30 sec (scan rate) 

0 none 

1 none 

2 none 

3 none 

4 1 5.3 66 69 000 10 000 5 700 1100 

5 2 11 32 34 000 5 600 2 800 560b 

6 3.3 17 21 20 000 3 400 1 700 340 

7 5 27 13 13 000 2 200 1100 220 

8 10 53 6.6 6 900 1100 
b 

. 570 .•· 110 

9 zs 130 2.7 2 800 460b 230 46 

10 40 210 1.7 1 700 280 140 28 

11 100 530 0.66 690b 110 57 11 

aTs represents time required for a complete scan; Tr the rise time indi­
cated by this table. Resolution values are theoretical. In order to confirm 
these numbers, one should obtain a deflection on Visicorder, press Baseline 
button, operate recorder chart at 100 mm/sec, then release Baseline.button. 
The rise time is related to Filter setting, and can be deduced from the $lope 
and chart speed. 

bRecommended setting. If noise is a problem, resolution is not critical, 
the Filter switch can be set to a higher position. 

~ 
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Table V. Derivative -Frequency response characteristics, 
calculated values. 

Switch position 
a 

Shunt Series Break Switch position 
a 

(freq. response) capacity resistance frequency 
(f.LF) (k!J) (cps) (filter) 

0 none none 

1 0.1 10 16 5 

2 o. 15 15 11 7 

3 0,2 20 8.0 8 

4 0.3 30 5.3 

5 0,4 39 4.0 

6 0.47 47 3.4 

7 0,57 56 2.8 ,9 

8 0.67 68 2.4 

9 1.0 100 1.6 10 

10 1.47 150 1.1 

11 2.0 200 0,80 11 

aFrequency-response position must be compatible with filter. The table 
indicates the recommended settings for the filter positions normally used. 
If noise is a problem and if the boundaries are not steep, frequency response 
can be set to a position higher than indicated. 



Table VI. Scan- speed selector, trouble-shooting table. 

Centrifuge Scan time Relays Motor Relays Motor Relays Motor 
energized terminals energized terminals energized terminals 
~forward) energized (reverse) energized (fast revers'e) ene.rgi:z;ed 

I 6 sec RE1 C,D RE2 E,D RE2 E,D 

I 30 sec RE1, RE3 E,D RE2, RE3 ·C,D RE2 E,D 

I 1 min RE1 C,D RE2 E,D RE2 E,D 

I 6 min RE1 C,D RE2 E,D RE2 E,D 

I 

II 6 RE4, RE6 C,D RES, RE6 E,D RES, RE6 E,D ..... sec ,..,. 

II 30 sec RE4 E,D RES C,D RES, RE6 E,D 
N 

II 1 m1n RE4, RE7 C,D RES, RE7 E,D RES, RE6 E,D 

II 6 min RE4 E,D RES C,D RES, RE6 E,D 
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Table VII. Scan control - galvanometer displacing circuitry. 

Galvanometer 
selector 
position 

1 

2 

1, 2 

Function Relay status 

Machine I galvanometers on REi energized, RE2 de­
paper unless Machine II scanning energized, If Machine U 
forward scans, reverse is true 

Machine II galvanometers on 
paper unless Machine I scanning 
forward 

Both galvanometers on paper 
at all times 

RE2 energized, RE1 de­
energized. If Machine I 
scans, the reverse is true 

No relays energized. 

If one wishes to pypass the galvanometer displacing circuitry he can connect 
Machine I "Galvanometers" (operational unit) to plug 1-6, Machine II 
"Galvanometers" (operational unit) to plug 7-12. Transfer galvanometers 
5 and 6 to positions 7 and 8. Galvanometers become: 

Machine I G1 = Int,egral G2 = Derivative 

Machine II G7 = Integral G8 = Derivative 
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D. Pulse Relationships Sl10wn by Oscilloscope Photographs 

1. Two Double -Sector Cells 

· Oscilloscope traces indicating time relationships between outputs 
from·the scanner, .set-pulse amplifier, delay uni, one-shot, flip-flop, 
SW1, SW2, reference and sp.mple holds at 20.410 r.pm, sweep speed 500 
fJ.Sec/ em shown here. . 

a. Scanner positioned at cell images (Figs. 73-76) (Se~ page 116~). 

b. Scanner positioned at radius-,.marker image (Figs. 77 and 78) (see page 
116). 
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Fig. 73. Cell selector at 1; (a) scanner (b) set-pulse amplifier 
(c) one -shot, 5V /em (d) flip-flop, 5V /em (e) SW1, pi.n 3, 
20V /em (f) SW2, pin 3, 20V /em, 

Fig. 74. Cell selector at 2; (a) scanner (b) set-pulse amplifier 
(c) one-shot, 5V /em (d) flip-flop, 5V /em (e) SW1, pin 3, 
20V /em (f) SW2, _pin 3, 20V /em. . 

Fig. 7 5. Holding circuits, cell selector at 1 and 2; (a) scanner 
(b) set-pulse amplifier (c) reference hold, Cell selector at 2, 
o.s·vjcm (d) sample hold, Cell selector at 2, 0.5V/cm 
(e) reference hold,. Cell at 1, 0.5V /em (f) sampie hold, Cell 
at 1, 0.5V /em. (Illustrates how the holding circuits accept 
alternate pulse -pairs- -which pairs depends upon the cell 
selector position). The straight line below each hold indi'cate s 
the de output level when Baseline is depressed. 

Fig. 76. Delay uni and one-shot duration versus RPM control setting; 
(a) scanner (b) set-pulse amplifier (c) delay uni, RPM at 8 
(d) one-shot, RPM at 8 (e) delay uni, RPM at 5, (f) one-shot, 
RPM at 5. (The one-shot duration of (f) is too long because the 
centrifuge is running too slow for RPM at ~ ). 

Fig. 77. Cell selector at 1; (a) scanner (b) set-pulse amplifier 
(c) one -shot, 5V /em (d) flip-flop, 5V /em (e) SW1, pin 3, 
20V /em (f) SW2, pin 3, 20V /em. 

Fig. 78. Cell selector at 2; (a) scanner (b) set-pulse amplifier (set­
pulses disconnected) (c) one-shot, 5V /em (d) flip-flop, 5V/cm 
(e) SW1, pin 3, 20V /em (f) SW2, pin 3, 20V /em. (The flip-flop 
spends more time in each state than it does in Fig. 77 because 
there are no set pulses). 
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Fig. 73 

Fig . 74 

Fi~. 75 

Fig. 76 
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2, Two Single"-Sector Cells 

Oscilloscope traces indicating time relationships between outputs 
from the scanner, set-pulse and linear amplifiers, S0-1, delay urti, one -shot, 
flip-flop, SW1, SW2, S0-4, reference and sample holds at 20 410 rpm, os­
cilloscope sweep,.-speed at 400 f.!.Sec/cm unless otherwise indicated. Scanner 
positioned at cell images. 

Fig. 79. One -shot, flip-flop, and holding circuits; (a) scanner (b) 
set-pulse amplifier (c) one-shot (d) flip-flop (e) reference hold, 
O.SV/cm.(f) sample hold, 0. SV/cm. The straight lines below (e) 
and (f) indicate the de output level when Baseline is depressed. 

Fig. 80. SW1 and SW2 waveforms; (a) scanner (b) set-pulse amplifier 
(c) SW1, pin 3 (d) SW1, pin 8 (e) SW2, pin 3 (f) SW2, pin 8. Verti­
cal sensitivity is 20V /em for SW1 and SW2 waveforms. 

Fig. 81. S0-4 response to set-pulse overshoot; (a) scanner (b) set­
pulse amplifier (c) scanner (d) S0-4, 10V /em (e) scanner (f) flip­
flop. 

Fig. 82. Linear amplifier, S0-1, :and one_-sho't, 10 f.!.Sec/cm; (a) 
scanner (b) linear amplifier (S0-1 input) (c) scanner (d) S0-1,. 
SV/cm (e) scanner (f) one-shot. 

Fig. 83. Linear amplifier, S0-1, and delay urii, 10f.Lsec/ em (a) scanner 
(b) line.ar amplifier (S0-1 input) (c) scanner (d) S0-1 (e) scanner (f) 
delay urii, RPM at 8. 

Fig. 84. Delay ~ uni versus RPM control setting, 40 f.!.Sec/ em; (a) scan­
ner (b) delay uni, ·RPM at 0 or 1 (c) scanner (d) delay urii, RPM 
at 2 (e) scanner (£) delay uni, RPM at 3. 
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Fig. 79 • 

Fig . 80 
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14. We could have disconnected set pulses at the radius marker with the 
Cell selector at "1'', also. In that event, the cell gates pass every other 
pulse in both cell positions (1 and 2). We chose not to disconnect set 
pulses in both cell positions because it is easier to determine set-pulse 
performance with the scanner positioned at the radius marker and with 
set-pulses effecting switching each and every revolution. Figure 13 in­
dicates that the flip-flop spends equal time in each state when the scan­
ner is positioned at the radius marker and when the cell selector is at 
position "2." When the cell images are being scanned, the flip-flop 
spends unequal time in each state (see Fig. 12h 

15. The flip-flop, when operated by appropriate impulses, is more readily 
adaptable to different speeds. 

16. Visiccirder is the commercial name for a recording oscillograph; Honey­
well, employing an ultraviolet beam and selfdeveloping paper. The max.,. 
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vanometers used are M100-120A with a sensitivity of 10 f.!A per inch and 
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that event, photomultiplier dynode voltage is adjusted to produce 25-V 
pulses to the log compressor input. Long term changes in linear ampli­
fier gain are therefore nullified. 

23. Reference mode traces are optional. If desired, we can record the dif­
ference traces only. 

24. The. instrument can be operated at higher densities if the photomultiplier '" 
dynode voltage is increased to produce reference pulses of greater am-
plitude (SV maximum). In that event, the system might become nonlinear, 
and calibration accuracy is less (unless recalibrated). 
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purposes of derivation, 
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