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THE RELATION OF PHOTOSYNTHESIS TO RESPIRATIOﬁ*
: 5y
John Wolfgang Weigl
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, Califorpia | .\
April 27, 1950
ABSTRACT

ﬂhe‘gas exchange by barley seedlings of:02, CO,, and addéd
C*O2 has been measured in a closed system, with the following résultéz

1) The cgrbon of newly formed photosynthetic intermediates is
not available for'respiration while the light is on buf becomes immedi-
ately respirable in tﬁe dark. The enhancement ofldark respiration aftef
a light period is very probably-due to the built-up "photosynthates®.

2) Photosynthesis proceeds at a measurable-rate even at the,lowest
CO, pressures observed (,03 mm.Hg), There is no evidence for a,"thﬁesh-
hold" concentration of carbon dioxide for ﬁhe reaction, At the lowest
cgncentratibns reached, respiration just equals assimilation, so that a
002- steady st,ate»ensueso

3) A curvé showiﬁg,tpe dependence of the rate of photosynthesis.
on partial pressure of'COZ;yields a "Michaelis Constant" of 0,79 mm,Hg;
this, corresponds to a free energy of carboxylation of =5700 cal,/mol,

4) The mesn rate of respiration in stiong light is about half

* Work described in this_paper was sponsored by the U°$° Atomic Energy
Commission, ‘ : : !

i

i
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that in the dark, Re-assimilation of respiratory carbon dioxide prob-
ably accounts for part, but nét all of this effect,

5) At low CO, pressﬁresg molecular oxygen;may he aﬁie to sube
stitute for carbon dioxide as the oxidant of photochemically generated
reducing agentso A ‘ |

| 6) The assimilation of 01402 is about 17% slower than that of
GlQOé;mhw,ﬂ_ '

Backscéttering appreciably raises the observed B~activity from
the thick samples containing 014, This effect must be subtracted if
one wishes to determine t@i true self-absorption within the samples.,

The true self-absorption of carbon radioactive organic materials is

the same as that of Ba01403°

LS
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PREVIOUS INVESTIGAT IONS
The relation of phétosynthesis to respiration iés as yety indade=
quately understood, Until recently, it was not even certain whether, in

the light, there occurred any respiratory evolution of CO_ simultaneously

2
with the assimilation of carbon dioxide from the air, or whether; perhaps

the path of carbon in photosynthesis was merely the reverse of that im ..

"réspiration, The reason for this uncertainty'is that the net overall

reactions usually written for these two processes are opposites

Photosynthesi sz €O, + Hy0 >(cuzo) * 02

Respirationg 0, + (cazo)————e-nzﬁ * C0,

where (CHé@) represents carbohydrate, a typicai photosynthetic product
and respiratory substrate,

Without tracersy, it is in principle impossible to distinguish
kinetically between these simultaneous and oppdéing reactions while thé
light is on, Various attempts have beem made bjja great number of iﬁvéétia
gators to get approximate values for "light respiration.” These have
involved various assumptionss |

1) Either photosynthesis or respiration may be poisoned selectively,

Thus, Gaffron (1) used cyanide to "selectively" poison the respiration of

Scenedesmus and found the quantity, (photosynthesis -- light resp, + dark

resp.) to be constant over a range of degrees of poisonings however, he

could not determine whether light and‘dark_respiration were equal, In
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Chlorella, on the other hand, Myers and Burr {2) suppressed photosynthesis

with cyanideg they found a strong increase in oxygen uptake with increasing
light intensity {"photo-oxidation®), v

It seems hardly possible to poison one set of reactions in a complex

«)

organism without simultaneously upsetiing other functions; this is
expecialiy.trpé for the case of twe such closely related reactions as
photosyﬁihe@jé and respiration, |
2} photosynthesis is known. to be dependent on the concentration of
co, (below ~1 mm, Hg.). One may measure the net gas exchange as a
function of G@z_pressure (light being held constantgA the resultant curve
can be extrapolated to zero (662)9 where the intercept should be equal to
the (1light) respiratory rate (evolution of 002)0 Experiments at such low v
002 pressure have to date, yielded data too goor to be analyzed in this i
fashiony neither Hoover, Johnston and Brackett (3) nor Gabrielsen (4)
published extrapolations,
Very recently (11) the latter author has published the results of
some interesting experiments, carried out in flowing gas initially free

of C0,,., He collected and measured the CO, evolved into it by "sun leaves"

2 2
(.23 mm, thick) and "shade leaves® (,13 mm,) of Sambucus nigra ., The
Mshade leaves™ turned out to have the same rate of net 002 evolution in

light or darkness, while the {(five times greater) dark respiration of the

Psun leaves" was reduced by about one-half in bright light,

* Elderberry _ 1%
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Gabrielsen interpreted this decrease as due to re=assimilatibn
of respiratory carbon dioxide in the thicker "sun leaves" (which had a
longer diffusion path for the 002)o The fraction of carbon dioxide re-
photogynfhesized was found to decrease with decreasing respiratory rate
and ﬁith increasing gas velocity. These results would indicate that

respiratory intermediates must be converted int©-002 before becoming

available for re-assimilation (thus contradicting those of Miller and

Burr, (12).
He further suggested that the "shade leazves" in the above éxperiw
ment, as well as the "sun leaves" operating in a very rapid gas stream,

showed no photosynthesis because the CO, pressure was below a "threshold"

2
of ,009%, supposedly necessary to "saturate® an acceptoro** We cannot

understand this in terms of mass action or enzyme chemistry; on the -

contrary, it seems to us that at low concentrations, the acceptor w&uld
use the same fraction of 002 as at higher ones, Moreover, we feel that
these data are adequtely explained by his piéutre of CO2 diffusion intb
the gas, At low respiratory rates, the diffusion from thin leaves into

fast-moving gas could be sufficiently rapid to reduce the concentration

. in the cells to such a low value (far below the. ®threshold") that re-

assimilation would be negligible,

** We feel that systematic experimentai“érrors in his earlier work (4)

invalidate similar conclusions reached then,
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3) Photosynthesis also depends on light energy, A variety of
experiments has been performed; involving the variation of either intensity
or wave length and the resultant effect on gas exchange (for reviews, v
see Rabinowitch (5) and Weintraub {6)). For example, Moore and Duggar (8) .
followed photosynthetic evolution of oxygen in Chlorella by means of a |
. platinum microelectrode; working in the neighborhood of the "compensation
point®, In caleulating quantum yields, they corrected for light respiration
first by subtracting an average value of dark respiration, then by com=
" paring photosynthetic rates at different light intensities (and colors)
and subtracting, Tney got the same value by both methods and concluded
that dark and light respiration were equal, However, the same data could
be interpreted to show merely that the light dependence of respiration
near the compensation point is proportional tec that of photosynthesis, v

Kok {10) has, indeed, found some evidence to this effect, The solid
line in Figure 1 represents the oxygen exchange of Chlorella as a fUncfion
of light intensity, in the neighborhood of the compensation point, O,
He considered the slope‘from K to S to show the true light dependence of
photosynthesis, the extrapolation to B giving the correct value for res=
piration at.high light intensities, As a result, he concluded that as the
light was increased from darkness to intensitf K, the rate of respiration

decreased by about half,

Unfortunately, the same data can be interpreted to show almost the

opposite effect if one considers the slope of X to represent photosyn= -

thetic light dependence at a constant respiratory rate, From this it would .
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follow that beyond K an increase in light results in a linear iﬁcrease
in respiration, Furthermore, Kok made an error in graphing, which re=
sulted in a two to four-fold exaggeration of his deviation,

4) External respiratory substrates can’be added in the light and
in the;darks and their relative rates of utilization measured., Thus-
Myers (13) found the "ox1dat1ve assimilation" of glucose and acetate ;
”(by dlsmutatlon) in Chlorella to be independent of the presence of llght,
however, this yielded no direct information concerning endogenous res-
piration,

5) The dark respiration may be measured as a function of light
and dark pretreatment, Borodin (14) was the first to notice an increased
rate of dark respiration after aAperiod of active C02 assimilation; he
also found that a lighﬁ period in the absence of carbon dioxide produced
no such enhancement, From this he concluded that the ®stimulation" of
dark respiration aftef active photosynthesis was indirect, and could be
ascribed to the availability for (dark) respiration of freshly formed
photosynthetic products, A great number of investigators have since
worked on this problem (reviews: 5,6,15); these effects have been
observed in a good many cases, In others they may have been hidden by
large storage reservoirs; Spoehr and McGee (1é) found a much stronger
enhancement of dark respiration after photosynthesis in previously
starved plants then in normal ones,

In addition to this "gass action® éffect due to accumulated photo=

synthesis, there are undoubtedly some more direct effects, due to
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"stimulation® by strong blue and ultraviolet light, Furthermorse,
reducing‘agents built up during photosynthesis can apparently use oxygen .
in place of their normal oxidant; CO,, if the latter is lacking ("photo=-
éxiéation” and its dark after-effectsg Rébinowitchs 5), These phenomena
do not.appear to bear directly on the relationship between the photo=-
synthetic and respiratory paths of carbon,

- ’31.A11 thése experiments stillrleave the following basie questions
unsettleds

1) Are the enzymatic paths of carbon in photosynthesis and res-
piration closely linked? For instance, are recently photosynthesized
compounds availabié for respiration while the light is still on?

2) Assuming the two processes to be truly independent, what is
the rate of respiration during the photosynthesis of normal plants? . ”

OUTLINE OF EXPERIMENTAL ATTACK

There is good evidence (17,18,19) that in plants the path of
sugars to pyruvéte follows the glycolytic sequence observed in yeast
‘ and muscle tissue; there is somewhat less conclusive evidence (18,19)
that this pyruvate is degraded to 002 via the somcallea "Krebs tricar-
boxylic acid cycle", In view of the close resemblance of the path of
002 assimilation to that of glycolysis and respirationm (7,21-23) it was

decided to start a series of kinetic experiments designed te distinguish

between these processes,

The availability of tracer carbon-14 has made it possible, at

least in principle, to settle the question of whether the respiratory v
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rates and paths of carbon are the same in the light and in tﬁe dark, One
way to do this is to put some leaves in a sealed chamber which can be
11luminated and darkened, ﬁo introduce a gas mixture containing 0*02
and to follow continuously, by means of nohudestructive methods of analyéisg
the concentrations of radioactive and inactive carbon dioxide in the-

gas phase, If simultaneous photosynthesis and respiration are different.

reactions, at least the initial respiratory CO, will be inactive; the

2
rate of reduction of the original specific activity of the added 0*02

should be a quantitative measure of the rate of respiration,

Since in these experiments we have been mainly concerned with the
exchange of carbon dioxide in the gas phase we have used the foliowing
terminologys

Photosynthesiss asgsimilation of 002 from the gas

‘Respiration: evolution of CO, into the gas

2
These definitions imply that even in strong light all respired-

carbon leaﬁes the cells as’GOz, is mixed with the entire gas phase and

can only then be re-assimilated. Hence the quantitative evaluation of

the rate of respiration in the light will yield not the total rate,

" but only that fraction of it which actually appears in the atmosphere

as GOy, This problem will be taken up further in the Discussion of

Results.,
INSTRUMENTATION

General Description of Apparatus

I
;Figures 2 and 3 show the experimental set-up, At the beginning

4
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of a run- ﬁhe leaves of 1=2 week old barley shoots were cut and placed
into a one liter glass chamber, This Wés-closedg the entire system
evacnated and filled with the desired gas mixtures (containing 0*02)o
A rubber tubing pump took a continuous sample of the gas in the chamber
and cycied it through a series of three instrumentsz an ionization
chamber to measure 0*02; a paramagnetic=type.oxygen anélyzer; and a
selective-detector infra-red 002 analyzer, Within less than a minute
(from experiment Barley 1/ on) the sample was returned to the chamber,
the flow rate being >500 cc/min, Time lags between the individual in-, .
gtruments were found to be less tham half a minute at these pumping
rates, The whole system was connected by 3/16“ i.d, Tygon tubing,

The plant chamber (Figure 4) was immersed in a tank of rumning.
water, which kept the temperature constant at about 15° ¢+ 1° ¢; infra-
red filters were placed in the (,~Q2 in, deep) water above the chamber,

A bank of spot lights provided approximately 14,000 f.c, from above,

Biological Material

In most experiments we used 1-2 week bld barley leaves (var,
Sacramento) . >Typica1 pretreatment was one week!s greenhouse growth to
3=/ in, in height, followed by a day or two under a 60-watt light bulb, -
The leaves were cut aboutlhalf an hour before the experiment, moistened,
placed in the glass chamber, During evacuation and gas mixing, they
were generally kept in the dark, in order to minimize gas exchange as long
as the instrument readings were unéteadyo

In three experiments (only one of which is recorded in this thesis),
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succulent plants were investigateds Aegeum sp.. and Crassula multicava, °

Again we used only green leaves and otherwise followed the procedure .
outlined above,

Gas Circulation

“The little "rubber tubing" pump has been the only piece of
eqpipmepy;whi¢h>ha§ nevér.giéen us any trouble,. Its mode of operation s
'is easily recognized from the pictﬁre in Figure 4% one after another,
the four rollﬁrs at the corners of the square spider pass over the rubber
suction tubing, pushing the gas ahead of them and pulling more in from ..
behindy each roller blocking a new air pocket before the last has been
lifted off, Speed can be varied from 50 to 600 cc./ﬁin,‘by means of -

a set of step-pulleys (not shown) and the adjustable hinged tubing race,
The resulting flow (as measwred continuously by a calibrated rotameter, -
Figure 7) is:quite'smooth above ~200 cc,/min, and only slightly bumpy
( 10%) ;belcﬁ this rate, ‘

. The main virtues of this type of circulating pump are the smooth: -
flow and negligible““hold—up“s the lack of moving parts-and lubricant
in contact with the gas, its rugged construction and ability to .with--
stand‘evacuation without leakage around shafts and bearings, It has: .
found many other uses around this laboratory,. such as 002 precipitation -
in barium hydroxide (see belowy) supplying air to algae:cultures, md
pulling a slow, well=controlled vacuum to 10 mm, Hg pressure or better, - -

The rést of the tubing in the system was 3/16 in. tygon and glass, -

with greased, standard taper joints to make quick connections, The
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rate of diffusion of carbon dioxide through tygon and rubber (pump) -
tubing was measured (see below,) and found to be neéiigible;

Up to experiment Bgz;gy,lg_ihclusives the circulation rate was
only ~s 100 cc./min. because the capacity of the oxygen meter was
limited, At this point it was realixed that time lags between instri-
ments of the order of 1-2 minutes could greatly affedﬁg (though not |
eliminate) an observed rise in specific activi£yl(presumed due to an
isotope effect, (see below). Two steps were taken to eliminate this
source of error: _

- 1) The Pauling meter was removed from the circuit and the pump .
rate stepped up to 3500 cc./min,

| 2) The diréction of gas flow was reversedg in order to invert
’ the‘grder of passage of the gas sample through 002 analyzer and ioni=-
zation 'chambero (As expected, this did not affect the results).

In some later experiments_(&gélgy 265 28), the Pauling meter was
~again put into the system; the gas was pumped through all other instru=-
. ments first, then through a'Y commection into. another flowmeter and the
oxygen analyzer, a second Y, and finally back into the plant chamber,
The bypass took 400 cc,/miny, so that the flow through the Pauling meter
was again only about 100 cc./min,

Oﬁe or two drying‘tubes,f"é in, long, were inserted in the gas
stream between the plant chambér and the first instrument, They contained

. CaCl, with Drierite (CaS0, with €0™") as-indicator,
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‘The barley chamber (Figure 4) consisted of a one-inch thick
rectengular brass frame with greased meoprene gaskets; sandwiched . between
two leinch glass panes (24), After the plants were inserted, “the windows
were“clamped against the gaskets and the chamber exhausted: through three-
" way stopcocks, A vacuum df 3 in, Hg was just.sufficient to~hp1d it
xi%;éggéér and-keép i%viéékwpréééo uégé‘ﬁhéiélééséﬁbi& Wés.néw éubmerged in
the  ruzming water of the cooling tank and attached to the rest of the -
system by means of. ground jointe.
" Illumination was provided from above by a bank of four spot lights
(G.E, 150 watt Projector or 300 watt Reflector Spots) usually‘about 3 in,
above the water levei (Figure L), The average intensity reaching the
'planﬁé-tbrough water, infra-red filters and glass was measured by means
of .a calibrated, water-proof Weston Photfonic-Cello It turned out to be
~about 14,000 foe, (150,000 lux) (midday sunlight in Berkeley being about
16,500 £.c.)" |

Oxyeen Analyzer -

The Pauling Oxygen Analyzer (25) is a small magnetic torsion
' balancso' A vertical quartz fiber carries a mirror and a horizontal.pair‘of
ﬁetallized glass dumbbells, free to rotate between the poles of a permenent

magnet, The gas sample passes through a diffusion barrier into the 2 cc,

¥ Measured on Nay 5, 1949)
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cell surrounding the test body; a change in the volume magnetic suscepti-
bility of‘the gas'will upset the balance and cause -dumbbells, fiber and mirror
to come to a new equilibrium position, The beam from a stationary small g
light bulb is reflected off the mirror onto a translucent scale; since
oxygen is the only commonly encountered paramagnetic gas, the instrument
can be calibrated directly by the manufacturer*,in terms of partial pressure
of oxygen, <The total pressure of other gases present exerts a negligible

effect on the scale reading, At normal flow rates, the inStrumenﬁ?'

cates 90% of a sudden change‘within one mimute,

The partﬁcular instrument used in these experiments (Figure 5) was
Beékman°s Mgggl Gy calibrated in units from zero to 100 mm, partial pfessure;
wigh care it could be read to * 0.2 mm., (The range of this particular -
instrument, incidentally, accounts for the fact that most of our experiments
were carried out at oxygén concentrations between one quarter and one=half
that in the normal atmosphere; in future experiments we hope tobemploy an
instrument of greater range).

Determination of Radioactivity

. *
Radioactive C O, was measured continuously by means of an ionization
** ~
chamber and Lindemann electrometer, The basic techniques were worked out

at the Radiation Laboratory by Dr. C.D, Janney and B.J, Moyer (26), to whom

Arnold O, Beckman Co,, Pasadena, California,

** Electrometer built at the Ryerson Laboratory, University of Chicago.

b’
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we are indebted for the loan of equipment and much valuable adviceo' Figures
5 and 6 show the sete~up, Two ionization chambers were used in different
experimentss & 10 cc, chamber of simplified design (Figure 5) and a
standard, 100 cc, model (Figure 6) whick had nearly ten times the cther's
sensitivity but also contained a greater portion of the total volume of

the system, Both were provided with two comnections and needle valves,

to facilitate an efficient and continuous gas circulation through them,

It was found that gas movement at the velocities used in these experiments
has no messurable effect on the ilonization current; i.e., elé@trometer
readings for a given activiiy werse the same with the pump on or off,

Since we desired to get instantaneous and continuous measurements
of the radiocactiviky, the usmal rate-of-drift fashion of reading the
electrometer was replaced by a null method, The condenser system of tﬁe
cir@ui% was replaced by the large resistor R (lﬁlljﬂks Figure 9); the
central ionization chamber probe was initially grounded, and the elestro-

meter fiber set to¢ the center of the miscrope scale. After the electro-
neter was wngrounded, the ionization current, Ii had to travel through

Resistor R, past junction V and through the decade resistance box (0-999¢.n)

to ground, A relatively large opposing current (0-1 milliampere) was made
to travel in the extermal circuit sketched below Vi 3its magnitude was
controlled by the 10,000~ potentiometer and 45 v battery.

The potential this ¥bucking® current developed across the (variable)
decade box appeared at point Vg when this voltage just equaled that de~
veloped by the very small ionizatibn current Ii through the very 1a£ge

resistor R, the electrometer needle appeared at the centerv(null) position,
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In practice, all changes in ionization were quickly followed by
continﬁéﬁslédfaétment of the potentiometer and occasional changes on the -
decade resistance'béxo The opposing current was measured by a recording
Esterline=Angus milliammeter, so that the operator merely had to keep a
record of changes on the resistance box, Later; after the experiment,
the ammeter data could be read off the chart and multiplied by the pre=
véiling decade box resistances to yield "millivolts® of radioactivity,

In some recent experiments, such high ionization currents were
expected.that it was necessary fc add 10,000 N of the 50,000 . "current-
limiting® resistor {of the opposing circuit) to the decade box, This
was done with a multiple~position switch and wire-wound precision re-
Sisforso

The response of this circuit is linear with respect to radio-
activity; that is a plot of "millivolts" of actiVity against microcuries
of~C*O2 contained in the chamher is a straight line, This has been shown
true for the large chambers by serial dilution experiments (26,27); and
for our little chamber by the injection of several measured aliquots of
radioactive G*Dzo Readings show a strong dependenée on total gas pressure,
since the radii of both chambers are cqnsiderably smaller than the median
range of the B-particles, They also show a somewhat smaller dependence on
the kind of gas present in the chamber; thus, Otvos (28) has foﬁnd that
for C14 beta radiation of a given strength, oxygen yields only 0,76 as |
many ioné as pure 602, and nitrogen 0.57 as manjk@ In our experiments these

effects were negligible since at most 4% CO, were exchanged for L% Ops the
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restiofithesg compositiom remaining constant, The corresponding

change 41" *ienizatio prbhé@ilgﬁyf'isvjust'outside experimental error
for the 4% 002 experiménts but negligible for those starting with less
than 1% (e.g. Barley 28)s

%co, "Ionization Probability"®

2
/% | | 103,0
2% - 101.5
1% | 100,8
5% - : R 100.4
o% 100.0

It is an excellent feature of this circuit that if in itself never
limits the precision of the ionization current readings, The réason for
this is that the decédé‘box can be kept so adjusted that the millia@meter
alwéys reads at midgcalé ér aboveg‘ ﬁenceg so far as‘the circuit is con=~
§erned$ fhe same précision of readings is available over an ionization
éurreﬁt range equivalent to 1-50,000 mv, full scale, |

| )Needléss to say, other'factors.limited the instrument, Thé sub-
sfitﬁtion of fesistér'R fér the usual condenser-charging circuit involved
the sécrifice §f é factor of sensitivity between 10 and 100, Since the
highestlétable sénsitivity of the electrometer was ébout 1000 div,./volt,
thislmeant fhaf fairly higﬁ percentages of radio=0*02Ahad to be useé, ana |
that the‘iOO cc, chamber Wés preferred to the smaller one, On the other‘
hand,'"background" due to’cosmic rayé, neutrons from the neighboring 60 in,

cyclotron and a-contamination from the brass chamber walls were all too
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small to be seen and never ga&e any tréuble at all,

"Memory" effects due to previously adsorbed fadioéctiﬁe‘éarbonates
on the inside walls have never been definitely seen in these experiments, . v
Although it is not uncommon for a chamberful of activity a hundred times
background to leave behind it a carbonate film counting twice background
(26), the sensitivity of our circuit was too low to see such small dif-
ferencéé;‘_In special éxperiﬁénts in which large amounts of 0*02 were
quickly displaced by air, over 99,9% of the radioactivity was lost within
a couple of minutes,

On the other hand, occasional trouble was encountered in the form
of léakage currents across the main insulator in the chamber (petween
centrélnpfobe and ground), This looked like background and we attempted
to cogrect for it in the usual manner (by subtraéfing the ﬁreéidual iohiQ

zatioﬁ? left when all CO,. had been removed from the chamber), This was

2
not very satisfactoryg and no quantitative evaluation was made of any results
obtained in this manner, In experiments, Barley 11 and 26 for instance, the
small, resp, large, ionization chamber gave such troubles, The central
insulators were caréfully cleaned or réplaéed before suﬁsequent exﬁeriments.
Two experiments were'designed to determinevthe rate of responée :
of this apparatus to quick changes in radiocactivity, The rubber tubing
pump (oéerating at ~ 500 cc,/min,) and the chamber to be tested were con~
nected in series; both could be comnnected alternately to large resefvoirsf

contaihing radioactive 0*02 or to the atmosphere by méans of three-way

stopégéks; » ' v
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(The "time constant" for the electro;eter ;tself was onl& 2‘seconds).
.The emall chamber (10 cc, ) underwent essentlally 100% of each change
in 1ess than 5a6 seconds, althoughythe operator sometimes tock 15 seconde
to find the exact new steady value,evThe lerge (100 ee.)-ehamber, as
might be expected, took longers about 80% of a sudden decrease in ac-
vtiv1ty;ﬁas complete.in 15 seconds, 90% in half a minute ana 99% or better
‘inbemtiéute° two or three minutes were requ1red for the last half per-
centmefjse, Increases in radioactivity were, for some reasony followed
eveg%ﬁeye’qp;ckly, more than 9% of the act1v1ty was recorded less than
half;erm;nutevafter the stopcocks were turned, At any rate, ali'changes
were 90%'eomp1ete in 30 seconds, even in thevlarge chamber, These experi-
ment§ Were rather important as confirmation of the "Isotope Effect" (see.
Disgugsion),
.. Stray Cuiregts in Jonization Chambers

; The'wqrst troubles generaliy encountered with»ienizetion chambers
due te "stray currents" of the ordef of magnitude of the jonization |
currept;to‘be measured (10716 - 10713 amperes)o Moet of ten these are.
found to cross the main insulator between central probe and ground, thus
by-pa551ng the measurlng clrcult and cau81ng what appears like a "back-
ggoynd"_readlng. Three distinct effects may cause suchﬂcurrents.

1) true leaskage through the insulator, rarely encountered with

* Used in all experimente up to Barley l4, inclusive.
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good materials such as. polystryrene plastic or Kovar glass;
, .2} surface ieakage;idue to é;fiim of moisﬁure,,or:gréaée§ fingegg
prints, étc,, which caniﬁsually be avoided by careful machining, CIeéning
'and ﬁaﬁdling of the insulatbr; |
| 3) strain and piezoelectric curfeﬁ%é;

The latter effects are usually the most trnglesome'because
-”éﬁé§”éféu1afgé and qﬁiﬁe unpredictable, It is necessary to avoid even
mild shocks to the insulator; after carefully setting a chamber on the
electrometer head one‘usually has to‘ﬁait from 15 hinutes to 3 houré to
1et.thevstraihs and their currents die out., Slight temperature changes
in'tﬁé fo&m can cause Suf%icient expansion and contraction of "poly" or:ﬁ
Kqﬁar insulators to overshadow émall ionizatioh currents completely:vﬂrﬂ*

| Reéently, two polyflﬁoroethylenes, Teflon and Fluorothene, have'
become generally available, In view of their reportedly excellent éiéc-{‘
trical properties (29).we decided tovtry tgeSe materials for our central
snsulator, Mrs, Jane Krone of the Donner Labofatpry has tested a muber
.of chaﬁbérs wifﬁ Teflon insulators, using the highly sensitive Vibréting
Reed Eleétrdmetef° Thermal and shock strain currents'were:found to be
négligibly‘smail cémpared to real background (a‘s, cosmic rays, neutrons).
In aéditions'these matérials can 5e cleaned safely by the most drastic
chemical methods and are too hydrophobic to permit the formation of sur-
face‘waterafilms, As é result, chambefs with the new insulators can be

made to yield nearly ten times their former sensitivity,
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X;Qratigg Reed Electrometer Seomge e

The main virtue of the "Vibrating Reed® electrometer (30) for
this work is the fact that it records automatically and continuously
the ratfe of charge accumulation in its condenser, .Since a=rays cause.
far more iénizétibn pérvparticle than B's, each pulse due to a=-contami-
nation in the walls w:11 sho® up as a dlstlnct discontinuity in the
‘:ecord;' Su@h "jumpa“ are then dlsregarded when one measures the rate
of drifgg%g grder‘to calculate B-radjoactivity in the ionization chamber,

igﬁﬁﬁé_055é_of the Lindemann electrométer; on the other hand, .
the operatorzcannbtﬁadequately distinguish a-jumps from normel drift
rate; as a %eSultg-the {often conéiderable) a=background is, included
in the avefagéa-value for Beradicactivity,

Now.that piezoelectric currents in the insulators appear %o
have been.eliﬁiﬁétéas it méy become possible to use a Vibrating Reed
electrpmetérit@fpuéﬁbthe lower limit of sensitivity §f our ionization
chambergjioelOCéféla‘ﬁeyohd that presently available, |
Carbon Diéii&eﬁAﬁélxéér.

Inﬁféduction |

In recent years three different methods have been developed for
“the analy51s of gas mixtures for single polyatomic components by means -

of 1nfraéredgradiatlon° All three were applicable to the determination

Manufagﬁﬁred by Applied Physics Corporation, Pasadena, Calﬂbrnia,
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of 0029 since this gas absorbs strongly in the 4.3 p region, as well
as less strongly near 2.7 po . “

McAlister (31) passed the radiation from a black-body source
through his absorption cell, then séparated the 4.3 p band by means of
a rock salt spectrograph |

: and measured its intensity by means of a vacuum

fa oo At T s P
b o s o P A S

thermocouple and galvanometer., The sensitivity was very high; about
000002%‘002 per millimeter galvanometer deflection, Unfortunately his
galvanometer was subject to d.c; drift (for which, however, he could
correct periodically). The response time was 5 seconds; during:é§4'“ S
periments galvanometer readings were usually taken every 30 seconds.i
Pfund énd his coworkers (32), as well as Wright and Herséher'(33),
developed gas analyzers based on the negative=filter principle of Schick
" (34), Radiation from a homogeneous source passes through the sample
chamber, thén_through two parallel filter cells, and is measured by’
pg;gllg;«pgggmgpgg§, One filter cell is filled with’the pure gas to be
determined,,so-thét its detector receives none of the radiation absorbed
by this gas (4.3 p for CO5); the other filter contains a non-absorbing
gas which permits‘the cofreSponding Eolqmeter reading to véry with the
concentration of the gas to be measured_in the'ahsorption cell,' The
difference in the reédings of fhe two bolometers is characteristic only
of this céncentfétioﬁ,iand the instrument may be calibrated with known
gas mixtures., :This ﬁethod of analysis is the least sensitive of those

. _ , : *
discussed herey, being most useful in the 0-=20% range of 002 concentration,

*The Wright}Herscher type of instrument is commercially availeble from
Baird Associatesy Inc, of Cambridge, Mass,

Wk i v g PR Boe i i TR N ran
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vA'third method, utilizing a selective detector, was developed
independently by American and German workers during the second World
War, The principle is letting black-body radiation pass through the
"unknown® absorption cell into a detector containing the very gas for
" which one is analyzing, The gas in‘the detectcr absorbs all that re-
mains of ltu pharaotrrlstle bands and converts the energy into heat,
LPand (j;? measured this W1fhout much success by means of a shielded
thermoscouple,

Luft (36) ingeniously "chopped" his radiation at the source,
thus generating an audic-frequency expansion and contraction im his
detector gas, whose amplitude was proportional to the "characteristic"
radiation transmitted by the absorption cell, Parallel optical paths,
containing ¥standard® and "unknown® gas samples ended in parallel dee-
teetor cells filled with C05, A microphone diaphragm between the
detectors picked up the differences in their amplitudes of vibration
~and converted them into electrical signals, This instrument could be
made vefy sensitive; for instance, ,03% 002 full scale is attained
in a currently available commercial versionc** |

In the‘wiﬁter of 196 a specisl arrangement was made with Drs,

0, Beeck and D.d, Popeo of the Shell Development Co, whereby they

q_ruhb Paxsons and Co, of Newwastxemupoanyneg England now
manufantare Iniramred Cab Ana¢yzers based on Luft!s"W.R.A.S,"
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permitted us to copy their basic design for a new version of the ILuft |
infra-red gas analyzer., An instrument was built at thg Radiation
Laboratory under the direction of Robert Olsen and P.M, Warrington,*
Both Shell Development and we have considerably changed our respective
instruments since theng they to make theirs more versatile and stable

{for plant control of CO_ or hydrocarbons), we to make ours more sen-

.. 2
. o2 O o o ** o o
sitive to carbon dioxide, The main difference between the current

Shell Deveiopment Co, model and ours lie in the electronic circuits
and in the_fact that we retained the "resonant cavities" while they
were not versatile enough for Shell's hydrocarbon analyses, The fol-
lowing sections will describe our apparatus only.,

Qgégzigiigg

Figures 7 and 8 show the chassis carrying the optical and acoustic
components of the instrumént& Radiation passes from each glower source
(at the left) through an absorption cell, in which the carbon dioxide
prgsggt:@akésloutya certain amount of the radiation at 4.3 p. The re=-
maining light passes through lithium fluoride windows into the detéctor )
eellslwhich:is filled with enough pure 802 to completely absorb the rest
of the Aoj,ﬁ band; Aé_a result, the detector gas becomes hot and expands
slightly.. ifﬁa shutter is now placed in front of the source, all ra-

cools and contracts rapidly.

diation is shut off and the CO,

Mr, Warringtoﬁ has been working with us ever since, mostly on the
operation and improvement of the CO, analyzer,
x* The moSt recent Shell Development Co, model of the infra-red gas
analyzer will be commercially available from the Applied Physics
Corporation of Pasadena, California,
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A rotating shutter can be made to open and close 120 times ﬁer
second; there results a 120-cycle acoustical vibration whose amplitude
is a measure of the per cent transmission of the_gas in the absorption
cell, A condenser microphone in the rear of the de@ector cell is used
to convert this vibration into an electrical signal, 'Each detector con-

sists of two CO,=filled chambers comnected by an "induction tube" of

2
“Wgﬁéhishégé and size as to méké'ihe whole cell a Helmholtz resonant cavity,
giving a threefold acoﬁstical amplification for this gas at atmospheric
pressure, -

-The sbsorption cell on the left contains nitrogen or some other
unchanging reference mixture, while the "sample" cell on the right is
connected to'the'rest of the instruments by the Tygén leads shown in the
pictures,.

. The two‘microphoné signals are run through pre-amplifiers onto
the opposite eﬁds of‘the‘"Helipot" slidewire_of a Brown Electronik re-
cording potentibmeterq Since the shutter geometry is such that light is
-_élteinatély trahsmitted,thrbugh the two optical paths, the two signals are
180° Out;of phase/and_will produce a 'null® pbint of minimum amplitude
somewhere bn the4slidéWire¢ The rest of the circuit (Figure 10) serves
to .drive ﬁhe'recording pen to this nuli péint,

| Galibratioh:

T.he.CO2 analyﬁer was calibrated with gas mixtures previously an-

alyzed for CO, by BaCO3 precipitation (see below), Two tanké were used;

one of them contained nitrogen, the other a nltrogen-002 mixture
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corresponding to the full-gcale percentage of.cgrbon dioxide desired (4%,
Tesp. OQ?S%’for_ihefexﬁefiments reported here,), Parallel streams of -these
gases Were megéured'by calibrated rotameters (see below) and flushed_ ‘ i
through°ﬁﬁe sémple cell, The valves'on the;lgtter were closed and the
steady scale reading noted on the Brown éhart,*‘r
‘We now attached the rubber tubing pump to one valve and used it
Até‘;éii é ;acuﬁ;1§f anuf 10 cﬁ;iéé“£éioﬁréﬁﬁgs§ﬁéfiémpféssufé kﬁeééured
to * 1 mm, by a mercury manometer), After a reading at this pressure, :
others were taken at 20 em, and 30 cm, The whole procedure was now re=
peated with eight or nine other éas mixtures, From these data we could
plot a family of calibration curves (Figures 11 and 12) of scale readirg
as»a'fhnction of:CO2.partia1 pressure, each curve being valid at the
selected totaliprgssure, Since most photosynthetic experiments were run
at a 10 in, vacuum (mainly-tg hold_the plant chamber together), the "10
in, vacunm"-curvesfﬁeré the ones‘éctually used in the calculation of
kinetic data, S
" A simiigrfpressurembroadening effect on the calibration has been
observed by.Fésﬁie énd;gfund (32) with the éelectivewfilter type of CO,
zamail.yz'era-v'v.l_ilthc;_ugh_su:tfp"r:"Ls,inglyiZ_Large,o it is certainiy related to per=-
turbation of the CO, stretching viﬁrations by neighboring molecules, Cross

and Daniels (37) were able to correlate analogeous effects on the infra-

* The instrumént reading for a given gas mixture was independent of its

rate of flow over the range covered in these experiments (0-600 cc,/min.)




=3l
UCRL-590

red absorption of HZO with the gas kinetic diasmeters qf the perturbing
molecules (as calculated from viscosity measureme_nts)° Hertz (38) found
differences in the effects of hydrogen gas and ai: on_the absorption of
carbon-dioxideg however, nitfogen and air Should; forvpréctical_purposesg
act identicallyo - | |
métefhmethod of calibration, the followi;g confirmatory experiment was
e for the OGOOqu75%_COZ scale, A number of 1=2 1itér flasks were.
fiiled with a series of gas mixtures by attaching the flasks to a mano-
meter- {read toc *+ 1 mm,), exhausting them to a few microns pressure and .
filling ﬁhem wi%h“variéus proportions of ,75% 002 mixture_and_nitrogen,';,
Thres safisféctory sets of check points were obtained on the flowmeter.
- calibration (see Figuré 12), which’meanf that the curves.were vélid_with—_l
in about'i 1 division below 2 mm, partial pressure a_ndsnat.'most9 + 2ﬁ
divisions-above 2‘mm;;'

'EXpansions of the scale of the 002 analyzer were effected éimply
by adding‘variable'fesistoré to the "Helipot! slidewire‘(see“circuiyg;  1
Figure=10)a.:This-decreased the fraction of total rgsistance comprised'fp1g
by the slidewire‘éndVMagnified the effect on pen‘position of a given .
change ﬁn the ratio:of the two signals, On the other hand; the simﬁla‘
taneous equivaienf increase of one of these resistors and decrease.df
the otherrrésulted in é-shift of the calibration without exﬁansionTOf'
eontractionolehus thé circuit permitted almost indefinite'expansion and

shifting of the scale, the only limitation on sensitivity being the
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smallest stable change obtainable in signal ratio from one end of the

scale to the other,

Interference by Other Gases

Carbon dioxide has a secoﬁdary abso?ptiop band at 2.7 py with a
peak extinction about one-fifth that at 4,337g3 Although no common
gas has a band in the latter region, water aoes absorb strongly in a
”"héEf&Ewiéﬁéméiié;é'g,' We haﬁé.;éléﬁiétearﬁhé dégreevof overlapping
of the water and CO, bands and found that the CO, analyzer "sees as -
carbon dioxide" only 4% of the water vapor in the absorption cell, In
calibration runs we used dry tank gases while_during kinetic experiments
water vapor was removed by Ca012 drying tubes. The water vapor pres-
sure over the latter is ,025 atmospheres (39); thus, at the usual 10
in, vacuum we had ,025 x 30/20 = ,0375% H,0. The detector gas responded
t§ 4% of this, giving a C0, equivalent reading of .0375% x .04 =
105010“3%‘(orpv .0l mm,), This was just within experimental error at

the very lgWMPQkaressures preyailing in Barley 28; in all other ex=

| fé;iménts to date this "background" was of no consequence at all. If,
in the futureglwe decide to work at eéen:higher sensitivities, we my
have to insert "negative filters" of water vapor into our light paths
in order to take out all 2,7 p radiation before it reaches the detec-
tprso

This calculation assumed complete absorption of 2,7 u band ra-
diation by the CO, of the detectors, If this were not true, the

contribution of water vapor would be even less,

o
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Isotope Shift of Absorptiom Spectrum -

"_One interesting prbﬁerty of the COzgdetector cells is their
ability to distinguish between G0, and ¢, - that isy ¢120, in
the cavities "sess® only abosrption by Glzﬂz.and apbarentiy“none by
014020 This was not realized until recently, when we were able to
'»_?btaiﬁ sgme_C*@z éf very high specific aq?iyity'(rgf27% 01402) and
measure its absorption in the infrared région (40). At the low pres- -
snre;prévaiiing in the test cell, the‘mgin 002 bands near 4.3 p appeared
completely resolved, It does not seem likely that preésure.broadening
makes them ovérlap noticeably at the normal pressures used iﬁ\tﬁe CQZV
analyzer, | _

Instead of reading ftotal 602“ then, the analjzer yields only

"inactive 01209"9 and what was thought to be Specific:Activity‘ (G1402 )

_ : g ' total 002
' is really an Isotopic Ratiof 2 This however, introduces no.

B ) 0
o total GOy *
difficulties whatever, for the maximumm specific activity of the_C'O2 used

_in all experiments up to Barley 26 was only~ 1% 01402 or lesss, i.e.
within the error of measurement, In Barley 28 we used 4075%.01402 |
and rescalculated the data accordinglyé even in thiS'gaseﬂ neither the
qualitative nor the quantitative results were affected,

‘Response Time

Since the recording potentiometer had a crossescale travel time
of only 4 seconds and the detectors and'electrénic circuit responéed
within microseconds, the onlyv1imiting'factofuwas’the circulation rate

of gas through the 80 cc, absorption cell, At a flow of 500 cc./min,
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it took less fhan 15 seconds from the time of a sudden change in the
sample until a steady reading was obtained corresponding to the new
gés miitureo
?roﬁbles
The difficulties encountered in the construction and use of
such a complex instruments as this can readily pe.imagined,' The se=
Aéﬁén;ersf eiéctrical,'oﬁticalg accuétie and electronic components
invites troubles of many kinds, Rather than discuss them one by one,
we have g:ouped them according to their overgll effect on the operation
of the instrument, the three main difficulties being "Phase Shift",
Drift", and "Wandering". Dozens of minor mechanical and electronic
difficulties need not be mentioned,
ghaSe»Shift
Oﬁe of the most crucial §djustments which have to be made affects
the precision with which the null point is defined, The recorder pen
travels over a one~-foot chart marked with 200 divisions; hence its
position can be read to the nearest 1/400 of full scale, However, a
finite voltage gradient is required to drive the pen motor, and the
larger the "null" amplitude; the wider the range within which the pen
may sit without moving. It is thus clear that this amplitude directly
determines the precision of €0, analysis.
If one takes the "standard" signal as basis, the "unknown™
signal shéuld be exactly 180o out of phase with it in order for the

"null® amplitude to be zero (and for the pen to drive directly to the
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null point}, In practice, the effective relatiye timiné_of the two
microphone signals is quite difficult to adjust, Two factors determine
their phase reiationships

a) The relative positions of the shutter and the windows of
tﬁe abé@rptﬁ@n cells,

Since the shutter rotates upwards.in f