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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

BN | | |
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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



=T o

UCRL-590
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.)
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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 frbnt}of one of the ab=- .
” ééfpigﬁ% ééiié;gnd dovnwards in front of the other, the first signal .
will be retarded somewhat and the second advanced if the absorption
cell windows are raised, Conversely, a lowering of the cells produces
a reverss phasing shift, In view of this fact, we have used a thumb
screw adjustment for the level of the agbsorption cells in order to
obtain a minimum nuil signal,

b} Time iagsvin the response of the cavities,

It often happens that the phase angle between signals changes
, significantly -as the amount of GO, in the sample cell is vafied = i.e.
that the null point widens from * 1/2 division at one end of the
féﬁge to * 5 or more at the other end, We have performed a variety of .
experiments in order to better understand this "phase shift® and tﬁe |
origin of the ®90Y component®™, It is most noticeable on the highest
scalegrwhere one of the signals remains steady while the other decreases
by nearly 50% when 4% 802 is rum into the sample cellé

The introduction into the light path of an equivalent area
of opaque paper has essentially thé same effect, The phase shift ap=-

pears to be related to the relative {not absolute) signal sizes, as
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well as to the tension on the condenser microphones,

In his book, Vibration and Sound, Philip M, Mérse (41) mentioné
that condenser micréphonesg ﬁndergoing strong forced vibration near
their resonant fréquency are apt to get out of phgse with the exciting
signal, This seemedrlike a reasonable explanation; however, a number
of runs were tried with different microphone tensions'(and hence dif-

.féfeni reéohance frequencies) without any improvement, On the other
hand, recharging the cavities with fresh 100% 002 did seem to help
temporarily., The nature of this effect is as yet poorly understood;
if and when we return to 002 concentrations where "phase shift™ is
a serious problem§ we shall have to tackle it once more,

Drift is the slow change of scale reading_wﬁile there is a
given sémple in the absorption cell, Clearly it is due to a progressive
change in one.or both of the signals, Both ends of the scale usually
drift in the same direction and at approximately the same rate, This
seems to indicate that the drift does not involve the simultaneous in-
rease or decrease of both signals but rather the increase of one at
the expense of the other or, more likely, the change of only one of
them, This phenomenon has been most noticeable on the most sehsitive
scales tried,

Several possible causes have been found and eliminated,

a) Temperature changes could exert an effect on the resonance

of the cavities {but only a slight one, since in a closed system the
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gas hulk modulussaksigress €, remains constant at reasonable tempera-
density ‘

tures and pressures) This was ellmlnated by means of a thermostated
box, surrounding the whole chassis, -

b) Sllght variations 1n source 1nten31t1es or temperatures
could be caused by variable voltage or by the agelng of the light
sources, - The 51llcon carbide Clo-bars orlglnally used werevfound to
wear unevenly and rapidlys they were replaced h& tlatinum wlre'glowé _
coils wound on haked ceramic (designed.in thls laboratory hy P.M, |
Warrington). The input voltage of the sources ands in fact, of the
whole 1nstrument was closely regulated (+ 1/2 v,) by a Sola constant
voltage transformer,

c) The eleotronlc 01rcu1t was throroughly checked fdr
stablllty by testlng individual components and by 1nJect1ng a steady
"dummw“ 51gna1 at the prewampllfler There was no s1gn of dr1ft In
the near future we hope to put a constant output control on one or. the
other 31gnal°l if any variation pers1sts 1t will be due to the other
"sidd' of the 1nstrument |

d) Changes in the detector gas may have been reston31ble
for relatlvely rapld drift on some oocasmns° Very sllght leaks were
found in the cav1tles° These oceurred mostly in the wax seals around

the salt windows; the leaks were fixed, the cav1t1es rewcharged Wlth
GO2 and most of the drlft ellmlnatedo_ There may have been a con~

tinuous, very slow dlfquiOH of 002 through some gaskets Whlch held
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the cavities together; ﬁnfortunately neither neoprene and gum fubber
nor lead gaskets proved'to be entirely successful.

e) ,The‘response of the microphones themselyes may have
changed with time, A recent checkup revealed,»for_instance, that the
lead gaskets which hold the diaphragms taut had become worn smooth and
that; as a resultg the tension had slqckened Other parts of the
l”mlcrophone had to be resurfaced at the same tlme the gaskets and dia-
phragms were replaced We feel that these are probably the major
causes of our trouble with drift, and expect that they will be largely
ellmlnated in future experiments,

Wandering

By "wandering® we defined a random fluctuation in the reéaiﬁgé,'
averaging at the proper value for a given sample but taking excursions
from % 1 tot 10 divisions, depending on conditions, We felt that
v1'brat.;on9 electrlcal pickup, and 002 fluctuations in the atmosphere
were responsa.ble°

a) Vlbratlon was mainly generated by thevshutter motor and-
shaft and received, of coursey; by the m:‘_icrbphones° In order to cut
down the dirécf connection between them, the motor was backed off onto
a speciai mount and conﬁected to the shaft by means of a flexible
coupling-énd special ball bearings.

. A11 components and both mounts were individually mounted on
rubberﬁpads° In additions; the vulnerable pre-amplifier tubeé have

been repiaced by "nonémicrophonic” tubes emplaced in gimbals,
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‘A closely related problem was that of twistinghand distortion
of the gntiré’chassiso The originally deéigned”puralumin.base (Figures‘
7 and 8) turned out to be too light and flexibles it was replaced by
a very rigid mount based on parallel steel pipes.,

~ b) ‘Thirty-cycle electrical pickup originated in the shutter

motOrs‘While~p1enty of 60=cycle background came from the rest of the
eqﬁipﬁéﬁts fluorescént lightég'etc° A1l vulnerabie parts:of the large
circuit’(in,cabinet at far left of Figwre 2) and of theichassis'had to
be ‘carefully ®shielded"; furthermore a selective feed-back filter was
introduced into the voltage amplifier in order to cut out all fre=-
quencies but the desired 120-cyecle signal,

¢) The third source of wander became noticeable only when the
instrument was set to its most sensitive ranges (0.2, 0.1, 0,03% full
acale = not used in photosynthetic experiments, to date), Clouds of-
atmospheric 002 were free to drift in and out of the short air spaces. .
between glower, absorption cellg_and detector wiﬁdowso A ‘momentary |
high local concentration of €0, {due to a breath, a puff of smoke,
the gas;ffom a Bunsen burner) could absorb enough radiation in one or
both lightipaﬂhs to offset the pen temporarily, 'The’gonsﬁént temperature
box was of great help in reducing drafts of this kind, -

MISCELLANEOUS TECHNIQUES

Tank Gases S ‘ '

Commerciallnitrogen ("pil pumped" or "high pure"; oxygen ffee
grades}, and 60, nitrogen mixtures (usuelly 4% CO,; 96% purified nitro-
gen) served to calibrate the 002 analyzer and were used in photosyn=

thetic experiments, Other mixtures were derived from them by the use
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of a high—pressure'ménifold and the appropriate gages, Each gas was |
analyzed by one of the two carbonate precipitation methods described
below.
Flow Meters (see Figure 5)

All rotameters were calibrated with the same gases which they
were to measure, by letting the latter flow through at a steady rate;
ca%chigérthé gas and measuring the volume per_unip time, Dug correc=
. tions were applied for hydrostatic and water vapor pressures, The cal-
ibrations appeared to be quite stable; we had no trouble in reproducing
the manufacturer®s original célibrations, where applicable.* We had
to design and use a new float for one of these flowmeters in order to
be able to read the desired high gas velocities,

. In the course of some early work wiph the oxygen polarograph
(see below);‘glass orifice meters were used, .These were not found to
be very satisfactory, as small bits of grease or dust often otstructed
orifices and gave erroneous readings.
Barium Carbonate Precipitation

Two methods were used to precipitate 002 as barium carbonate,
The first, described by Dauben, Reid and Yankwich (42), involves the
bubbling of CO, through "carbonate-free" sodium hydroxide, followed
by precipitation with Baélzo‘ This procedure has certain disadvantages

when very small quantities of CO, are involveds:

* - f
Fischer and Porter Co., Hatboro, Pennsylvania,
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a) A small Na,C0, "blank® (of the order of 0.1 mg, BaC0;.per
mmol, NaQH) is'présent in the absorbing NgOHoi;.'_ - |
b) A fair amount -of handling and pouring pf the absorbiné -
solution in the open atmospheré %s required whilgngcess base is still

preseﬁt° As a result appreciable'amcunts of atmospheric CO, -are often

_ ébsgrbed and precipitated along with the 0*02 from an exﬁeriment. This

is ﬁoilobjéctignable when one is interested only in the total activity
fixed, regardless of its dilution, However, it becomes very difficult
to measure the specific activity of the experimental sample,

To overcome these problems, an entifely different procedure
was developed., The saﬁple bulb containing some percentage of 0*02 was
attached to-fhe tubing as shown in Figure 13, A centrifuge cone  of
appropriate size was half filled with carbonate-free gaturated.Ba(OH)2
solution, while being flushed'by-a stream of nitrogen., It too was
attached to the system. All‘tubing to bpth sides of the sample bulb
was now alternately exhausted by an aspirator and flushed with nitrogen
for a few times, in order to removeap;aces of atmospheric carbon
. dioxide. %

Finally the system was closed off, the sample stopcocks opened,
and the rubber tubing pump started. While the gas was recycled.over
the_Ba(OH)2'the centrifﬁgevtubeiwas shakén to allow the BaCOq té'settle )
to the bottom ‘as it was formed, Absorption was.complételin 5-15 minutes,
depending on the size - #ES P the sémple bulb; this point was -

recognized by the failure of 2-3 minutesof recycling to produce a new
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film of Ba003

At this point, the pump was stopped and'the bariumﬁhydfoxidewr

on the surface cof the solution,

tube taken off under a continuous nitrogen stream, stoppered,:and
centrifuged, |
.‘,The,precipitate was washed three times (pnder Né) with
boiling water, once'with ethanol, once with ether, It was dried in
' yacuo for 15 minutes at 70°C. An alternate method of drying was to
wash with water and ethanol as above, then dry overnight at llOOC.
Needless tO‘éay, the specific activity of the original C*O2
sample was faithfully preserved by this method., Straight exchange
of BaC*O3 wifh'CO2 was the only possible source of dilution of the
activitys under the conditions of our experiments this should have
been negligible (43)..
The two methods were compared by measuring equal samples
from a "0,75% COZ” cylinder (prepared by adding en appropriate amount
of nitrogen.to-analyzedVA% 'CO2 gas.) The resulfs were:
o a) : NaOH, BaCl2 precipitationss 0?78%*
b) Ba(OH)2 precipitations 0,73%*
"~ e) - Gas mixing (pressures)s 0.75%
At these low percentages of CO,, this is excellent agreement; wé”’

feel thaty, if anything, the sodium hydroxide procedure is in errof; due
to absorption of~ 1/200 mmol, of €O, from the atmosphere,

" .
"~ Barium carbonate precipitates obtained were 65.7 mg., resp. 64.9 mg.
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Legks and Vacuum Testing

“Gas leaks in various parts of the experimental system were
a constant source of treuble. Most often they ocurred in the wax seals
around ionizatioﬁ'chamber insulators and absorption cell windows,
rarely in the plent chamber gaskets (once the 1atte; had been properly.
seated and greased)., The eonnecting tubing itselfngeve little diffi-
'“hhgﬁi%fgweifﬁeﬁgh'the Tygon readily cracked or formed pinholes when
pinched excessively. '

The vacuum testing techniques varied considerably depending on™

the problem at hand, At various times we have used Bourdon gages, a
mercury manometer, a dlfferentlal mercury manometer, pressure- and-
soap-bubble testsy, the helium-spray technique and a flow-meter method

 The lattery to our knowledge, has not been described before.‘
One attaches a fast vacuum pump (Cenco Hyvac) to a seneitive rotameter
and exheusts'various portions of the system ﬁhrough it, If the section
tested leaks, the flowmeter w111 show a steady deflectlon, if it is
tlght, the flow will drop to zero Wlthln a minute or so, This ise

perhaps our most sensitive and rapid method of leak detection,

COE Diffusion through Rubber and Tygon
Three 100 hl, pear-shaped flasks were flushed with nitrogen;

a 10 ml, aliquot offcerbonate;free, saturated Ba(OH)Z'was added to
each, Thevaére stoppered with three well-greased ground joints, at
‘ends of which was attached a ﬁitrpgen-flushed length of the tubing to
be testeds

1) al cm; rubber connection, as control

. 2) 60 cm,.ef brown gum rubber suction tubing, used in the jpump
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3) 85 cm, of 3 mm, i.d.-Tygon tubing,

A1l flasksbwegegfi;led;with nitrogen:andainsefiediintbéa}large'dGSie;‘,'
cator containing an,atmosphere,of CO,. The far ends of all these
pieces of tubing were doubly closed by tight pinch clamps and sealed-
off pieces of glass tubing,

After 48 hours‘9 all three. flasks were taken out, the barlum

P

WNcarbonate pre01p1tate removed washed and drled under nltrogeno

Estimated recovery was ¢u95% in this case, The results are presented

belows ;, ..i- o0 oo ’
Blank Brown Rubber Tygon Tygon
3/16" 3 mm, 5 mm, -
Total BaCOAbrecovereav(uhcerr,)'='mg, 1.9 242 104 (cale.) '

3
ml, Cdz‘j("s‘;T‘,Po)/hr/ft. length/atmos, CO, === . 0,18 = 509 125
- In~a,typical_experiment$ less than 10 ft, of 5 mm, Tygoﬁ wée
used .with a total gas volume of ~ 1000 ml,s hence the rate of CO2
dlffu31on was °125 X 10/1000 X 100 = O 13% of 002 present per houroii A 
In the presence of 4% €0, (e.g. arlex 14) this would amount.to O3lgfi'
mg[%ro (partial pressure), the.corresponding phetosynthetic andﬂrese :f“;il
piratory changes occurring at rates of 404 resp, 4 mm,/hr, Clearij, ’-K.E:?
carbon dioxide diffusion through our tubing was»neéligible. | o

*Coqueneration
~

*
Since .carbon..1l4 -supplied is in the form of BaC 03, it is
readily‘converted;to Gfozmbyveencentrated sulfuriec acid dropped from
a pressure-equalizing funnel, It is then trapped in a glass spiral . |
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immersed in liquid nitrogen, If the trap is sufficiently large to hold
the C*Ozg;it‘may be removed from the liquid nitrogen and stored indefi-
nitely (42,44), Dried organic tissue is readily cqﬁverted to CO, by
means of a simple variation of the above procedure: a chromic acid
"van Slyke" (47) combustion mixture is Qropped on the organic matter
and heated to boiling for a few minutes, The CO, is collected in a
cold trap, as above, When properly carriéd outy, the reaction appears

to be quantitative,

GeigerHCqunting

Radioactive samples were "plated" and counted by means of
thin mica end-window counters, (for details, see 42,453 also section

on Self-Absorption, below).

Extraction of Radioactive Products from Barley Seedlings. -
After certain experiments (Barley 3.4.5) involving various

periods qf photosynthesis and respiration in the presence ofrC%02, the
barley was frozen, dried and extracted, The resulting overall distri-
bution of radioactivity among various fractions has been published (7).
- This Work.isvnot'clqsely’enough connected with the topic of this
thesis to warrant its reéetition here,
SPECIAL EXPERIMENTS ON ISOTOPE EFFECT

YA number of experiments was carried 6ut in order to check the
rise in the specific activity of the C*bz observed during photosynthesis
(seé.Results)

1) The most obvious potential cause was a difference in
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response*fimés the order ‘of 2-3 minutes, ‘between €O, andlyZer and foni- *
zation ‘chamber, " In order to eliminate its”we”ihcféased”the fidW'fa£63 3f®”3
to 500 ec/min, (from'Bgrlgx 1/ on) and measured*the‘indiviéﬁal résponse
times of the individual response times o6f the instrpments themselves
(see above), -The latter turned out'to be negligibly short,
" 2) Conceivably some volatile radioactivg prpductg other than

'd5*62 agéfé;;iQ;éAéﬁriﬁé the éxperimeﬁ£;, The only way to determine
this was to collect samples of the gas over the plants from time to
time, precipitate the 0*02 as BaC*03, and measuie the speéific‘activity‘-'
of the carbonate Sampleso
‘ Barley 15, 19, and 25 were three such runs. . In the former
two, gas sémples.were pulled into evacuated flasks, In the.lgtter;;azﬂ
series of flasks formed part of the gas system; one by.bne they were.
cut out and by-passed by means of T-connections and stopcocks., In- .
these experiments the gas volumes,hédvtO'be very large in order to give
us enough‘carbonate to weigh and’to‘make»goqd "plates" -for counting. - -
o 'éach"éaﬁple was precipitated with Ba(OH), by the rubber tubing . =~
pump method (éee'aboveg)° Its radiocactivity was then measured by two -
independent methodss
a) Plating and counting with a thin-window Geiger tube, and
‘b) Transformation into Cfov'and measurement in "standardized®

2

ionization chambers¥,

* We are indebted to Mrs. Ruth Scott and Mrs, Jane Krone for the ioni=- -
zation chamber measurements; Miss Marie Haumeder and Mrs, Yvonne
Stone fplated® and counted many of the carbonate samples,
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'+ The results are plotted in Figres 14, 15, and 16, ?onsidering
the experimental difficulties involved,'they_appear quite'satisfactory.
Although two or three points are out of lins, fhey do show the rise and
fall of specific activity observed in the (better) "instrumental® runs,
Unfortunately, at very low specific activities of the order of 70
c./min,/mg. Ba003 had to be used for convenient counting; as a result
5ﬁ£“ssﬁfi£§$ﬁs;reédihé ioniﬁafishléhamber and electrometer circuit could
not bs ﬁsed to provide a direct cross-check between the two methods.’

The ion chamber values in experiment Barley 25 looked rathe:

discouraging, However, we found out later that the chamber insulatsrs
used at tﬁe time had sufficiently large randsm "$ransient™ curféﬁts‘to
mask any.signs of the isotope effect, One of the four Geiger‘counts;
on Sample 1 is high; however, the other three are close togetherland
presumably define the correct initial specific activity, The appearance h,
of these resuits»also indicates the great experimental difficulties |
involved in‘hahdling C*Ozxand carbonste outside a closed system,-without
contamlnatlon, dilution, or exchange with the atmosphere. : -

A One further experlmant was performed in order to conflrm the :
reality of the isotope effect. A 200 mg, "1sotope farm" of algae
was grown from a 2 mge inoculum in & large quaniity of‘dilute C%Oé_
(4 liters;»\¢1570 dis/min/mg or~ 0,2°10~% 01402;‘ initial CO, pressure,
20 mm, hg) When 70% of this carbon had been converted into organic

matter, the reactlon Was stopped, the three "phases" (a1r, solutlon, and

algae) separated;and the carbon in_each converted into BaC 03 under an
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inert atmosphere, The carbonate was counted; also, 10 . mg, aliquots were
receonvertedﬂtoucozgfor thewpurpese qf'peesuring_the p;%ﬁéwinfthegseme:.

samples by means of a mass speqtrometer o The results weres .-

Air CO, | 1195 21 209 99 2
Water dbz and : T R
carbonfte - 1,206 1. 207 106 _
T plgee . -0 160 1.153 €3, 79, €2

(corr, for inoculum: 81)

, It is .interesting to note the unexpectedly large difference in
:"Lsotope.‘ef‘ifeo‘ts'-for -_C'BO2 (4%) and 01402 (20%) . ._The._selieeti_;vity by which
plants discriminate against 01302 in nature has been measured by Nier (48)
and Urey. (49)3 since they were dealing with steady states rather than |
with kinetic: systems; the net effects they observed Were considerably “
smaller than thosé reported here,

RESULTS

Our experlmental results w111 be presented in the form of graphs
and tables° Although a number of similar experiments was performed -
(Barley 4,5,6.,10.11,12.26 - with radio=C 029 the others w1thout), the
behavior of the plants is most clearly shown 1n thevtwo best runs,~_§;;gx

14 and 28,. The discussion in the next section will- center ahout these two.

. Bach of the other "hot" runs suffered from’ some exper1menta1

* The 0150 peak'(mass 45) was otserued? unfortunately, "background“
obscured“mass peak 46; corresponding- to. cLdo,, .

**Me are 1ndebted to ' Dr, William Siri of the D1v1s1on of Medlcal Phy31cs :
for these measurements. "
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difficulty, such as inaccurate dgtavat low CO, concentrations (Quey
for instance, to insensitivify of the COZ-analyzer or "background"
currents in the ionization chambef) or time lags between instruments'(dﬁe
to slow pumping rate)o Knowing thé_pgryggtions to bé applied, we have
drawn more or less quantitative curvesqur_each of these experiments, In
no case have they contradicted the conclusions drawn from the "best" funs.

R  Aé.ﬁéﬁtioned above (under General Desériﬁtion of Apparatus, )

- 'all "hot" experiments were started with the addition of a gas
mixture containing C*OQ to the complete system (plant chamber, plants and
' instrument circuit), After the first four or five'minutes of cycling re-
quired to mix the "slug" of C*O2 with‘the rest of the gas, all instrument
readings became steady and meaningful.

Tﬁé experiment proper was not started, Generally, it involved
one or more periods of photosynthesis, preceded and /or followéd by periods
of dark respiration, 0xygen partial pressures were read direétly as
often as desired; both CO, analyzer and ionization chamber readings_
were automatically graphed on the record charts, |

After each‘expéfimentg these data were read off the,cha£ts and
coﬁverted to. "partial pfessures of}COz", respectively "millivolts of

radioactivity", The specific activity of the ) present at any time

2
was obtained by dividing millivolts of radioactivity by millimeters of -
002 pressuie; '

In order to graph the radiocactivity mést conveniently, we ar-

bitrarily set the initial specific activity equal to 1,00, This enabled
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us to calculate and plot ﬁmillimeters {Hg) of original C*OZ" from the -
experimental ‘"millivolts", We.cogld_thgn.compare the; time: course of -
the twe lines, “partial pressure ofutgpg;'COzm and "partial preséure:d‘ ‘ .
0*02W§ : when 0*02,> total COz.thg spgcifighactivity was greater than

. unity, when c*@2 £ total CO,, it was less,

2 . .
It should be mentioned here that for the purposes of certain - -
calculations it was necessary to used the true specific activity (the

mol percent of GIAOZ in total CO ~ This was feadily obtained from the

2)e
- arbitrarily defined value above by multiplying it by the actual péf
cent radiocarbon dioxide present in the original gas mixtures (Table I;
“0015-7)0 -

It is difficult to present these data adequateiy on abfew
small graphs because their precision is very much gfeater.than ié ime
plied, For example, between times 275 and 375 in ggrley 28 (Figﬁre 24),
the "Radioaetive CO5" curve barely rises off the abscissa;/ yety a véry
excellent smooth curve may be drawmn throgéh the data foints even ifﬁthe 
vertical scale is magnified 200-300 fold, Needless %o say, our "working
curves" have been drawn to such large scales; on them Wé:can ﬁeésure
the slopes and other quantities required for quantitatiQe diSCUSSionoH:IF

seems to us that the best way to present the precision:of the measure-~

ments is in table form {see Tables 1=5),
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EXPERIMENTAL CONDITIONS

Experiment Plants - o | Kverage conditions

Age Weight Pre-treatment Initial gas mixture Vacuum Temp, Light Pump rate

days grams before 1lst light Bgo, Po, %cl4o, in, Hg °C. f.c. cc./min,

' t .5 g. (with times) . mm.Hg mm.Hg in 082 2 .Rin, 210 ‘
Barley L 28 (7)  Dim 24"h,;>q§;k.lwp° 22 16 0.01 5 16 (7000) 100
Barley 5 11 ije5 Dim 6 h.j_@grk 5 m. . 19 12 0?05 5°§ 20 (7000) - A;%o
Barley C-7 13 = 16 Light jé h., dark 10 m, 13 f~'4é 0.0 10 16, (7000) 100
&bbacco C-l == == Dark 2h, 15 8 0.0 | JlO 16 (7000) 100
Barley C=-9 (10) 6.5 (Dgrk 3Q”g,) 18 2 0,0 10 15,5 '(7000} 160
Barley 10 ? 10 Dark ﬁo me 17 7.5 0;13 10 16 (7000) 100
Barley 11  (7) 24 . (Dark 5o.m,) S 17 5.5 0.25 10 15 (7000) 100
Barley 12 7 20  Dim2,h., dark25m, 19 77 11 11 16 (7000) 100
Barley 14-1 8 20 Light 24 h,§ dark 46.m. 17  (10) 1.1v 10 22 (7000), 500 -
Barley 14-2 Light 40 m., dark 65 m, 3.6 (23) 0.4 10 22 (7000) 500
Barley 14=3 Light 15 m., dark fO m? 53 -(23) 0.082 10 . 2 (7000} 500
Barley 15 g 30 Light 24 h,, dark 60 m, 22  -- 0.7-1074 3.8414 25 (7000) 500
Barley 19 6 1,  Light 24 h,, dark 25 m, 33 =- 1,6°107310 - 24 (7000) 500
Barley 25 10 15 Light 6 h., dark 90 m, 21 — 1.8°103 10 21 - (7000) 500

065=THOD



Experiment

Barley'2éa1
Barley 262
Barley 26=§
Barley 26-4
Barley 26=5
Succulents C=2-1
Succulents C=2<2
Succulents C=2=3
Succulents C=R=4
Barley 28=0 - |
Barley 28-1

Barley 28-2

Age
days

léae

14

TABLE I (cont,)

Plants’ a Initial gas mixtuyye
Weight  Prostroatment B, Top AT,
grams = before lst light 2 2 in €O
Z.5g (vith times) ™ He mnie 2
10 Light 24 h., dark 65 m. 16,3 30,5 0,78

Light 75 m. (.01) 48  {0.16)
Light 85 m, (.01) 48 (0.16)
Dim Lightl0 m, 10 48 (0.16)
| Dark 145 mo (.01}  45.5 (0.16)
45 Dim light 1,65  16.8 0.0
. (Dark regpiration) 6?0 : 31?3 0.0
Dark 60 m, 6,6 33?0 0.0
_Dark 140 m, 15.8 - 3&8 0,0
(15) ~ Light, dark 15 m, 3.4 11,2 0.0
Dark 60 m, ho2 399 475
Dark 80 m., ‘ 1.16 (9.0 .23

Vacuum
in Hg

2 2 in,

10

10

10

10

10

10.29.7
9.7

9.6-8.2

11,2

10

9.8

8.5%.5

217
20
20
20,
20
20
16?5
14.5
17.5
6+ 2
13.5
14.5
15.5

Light

foeo

8700
3500

200
9800
9800

{g7co)

oo

(8700)
(8700)
9800
9800
9800

ccofmino

500
500
500
500
500
500

500

500
500
500
500
500

Pump rate

068~T4dN
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Expe;fiment mm He  min, hin,  average _ ' : yofes
Barley 4 JAd2*1 5 1.0 Ot 7 350 .09 ‘Slow mixing; 3 div, drift of 002 analyzer
‘Barley 5 -- - 1.0 — - == Slow miicing; leak
" Barley C-7 .0+ .1 30 0,0 - 30 - Slow mixing; 12 div, drift of GO, analyzer
' ‘Tobacco C-1 ,0 + ,1 10 0,0 - 65 -—  noom 5 div, drift of CO, analyzer
Barley C-9 .0+ .1 15 0.0 - - " -
" Barley10 0+, 5 1,0 ,0F? 190 1,0 Time lags, ion chamber background
Barley1l ,1+.,1 8 1.0 . .0%? 335 087 n nooow n n
Barley 12 .15+ .1 10 1.0 0472 235 1 wow o om - "
Barley 14-1 .1+ .1 10 1.0 ,00* ,05 65 125
Barley 14-2 .1+.1 6  ,122 ,00 + .015 70 .078 Very slight ion chamber drift
Barley 14-3 .1*.1 2  ,082 ,00 + ,018 85% 066"
Barley 15 —— - - -—— L m- Sampling experiment; large volume (5 liters)
Barley 19 —— - - e - noo LI (13 1iters)
Earley 25 —— —— —— _——— - n v 1 n n

*
¥ - Obtained by flushing out respiratory 0*02, weighing and counting BaC 03

* -gg—
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L a8 3 EEE g5 8 |
® e 5 & & &° B & ;
g < 4 8% gg - Table 2 (eomty) .,
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. g {D'_ T ) q’d ) 5 Qe 3" EQLHL:- ":.ﬂ'?'.i. '
T - L m ek g4 D . o g BHm . =
(o} P = TR 0 23 [ i {
~ o =, e He Ho He Q o ;
- ‘oD S . w33 ok m 6] ¢
Lo B ®e. H :
: e | )
Experiment _fam ng"fvf‘;ﬁ ming o e e min,  average 3 Totes
Barley 26-1 1% ,05 .20 0 1,00 24,2 o e
Barley 26-2 01 %05 .10 2% .2 2452  ee e
Barley %6=3 .10.%+ ,05 - 10° 02.:‘;21 R+ .2 oo :==%?Iohizatién chamber "background®
Barley 26</ - 015+ ,05 5 . ,2%2 2 %.,2 145 .20
: , . : - . . I;
Barley’ 26-5 oo e 2% .2 2+ .2 35 .19 i
Succulenis Ce2=1 01 + .05 4O~ | 'doo' . - P Crassula;multicava o o
Sucéulenis C=2=2 ——e - 0.0 el 60 e
Succulents C-2-3 = .05 + ,05 45 0.0 Zne 140 - -
Succulehts_C=§=L S ese oo 0.0 oo - oo f -
Barley 28-0 02 # .01 5 0.0 e 30 -

Barley 28-1

Barley 28=2

.03 + ;01

.04 & ;01

,065 *,032 80

025 # ,012 25

049 - Very siight 002 analyzer drift
(2"’1/2 di-vo) s o

©.035 (Corrected during experiment)

068=-T400



Experiment
i
{f

ﬁ;rley 4
Barley 5

Barléy C-7

Tobacco C-1.

Barley C-9
ﬁarley 10

éarléy 1

Barley 12
éarley 1/=1
?arley 14-2
Barley 1/=3
Barley 15
Bafley 19

Barley 25

- Carbon Dioxide
me He mm Hg

TABIE 3

} *
Fastest Gas Exchange in Light

min, min, gram
'x 100  x 100
44 6.3
42 3.1
35 2.2
21 -
26 4.0
22 2,2
85 3.55
69 6.9
110 5.5 .
50 2.5
34 1.7
22 3.65
5.3 49
3.1 2.7
* 1 mmHg =

t

¢
4

Oxygen -
mm Hg mm Hg
min, min, gram
x 100 . x 100
9 7.0
(33) (2.45)
(64) (4.0}
31 —
27 4.15
26 2.6
85 3.55
77 7.7
.069 mmols GO, " 1,55 ml, CO

at S.T.P.

;
;

'

i ' *%
Photosynthetic Quotient
i a(@p)

| vlfl

.79
(1.8)
1.0
1.2
1.0

1.1

*% RQ and ESQ values were variable within each experimént

065-"THON



f TABLE-B'(coﬁto) ' . _  o ";-' ' -

- .Fastest Gas Exchange in Light"

‘Experiment B :'Cér.bon Dioxide ' Oxygen " Photosynthetic Quotient®™
o . mnHg  pmHg . moHg onHe . ‘ d(0,)
LR TR LR TRPT - Ty
‘Barley 261 st s o9 49 B
~ Barley 26-2 - o e - 0 e | R
_Barley“26=3. ‘f~-g 4,L=. ' .;- - ' ; ——m
Barley 26-4 -- _— | - --- —e
Barley 26-5 59 59 9;4 94 1.6 :
Succuients C=2 : see f' | i | %
. graph : ‘
Barley 28-0 23,5  1.55 - 15.5 1.03 266
Barley 28-1 12,5 .83 1 .73 .88
E_a_rley 28-2 7.0 A7 10 | 66 ”1,4

* 1nmBg ¥ ,069 mmols CO, & 1,55 ml, 0O, at S.T.P,

o RQ:and PSy values were variable within each expefiment, '

065=T¥00



TABIE 4
Average Gas Exchange in Dark

Experiment

Carbon Dioxide: Oxygen ! Resp. Quotient™*  Initial
- mmHg mmHg ' mn Hg mmHg o afcoy) PO
min, - min, gram “min, min, gram d (0..) mmZHg
x 100 x 100 x- 100 x 100 R :
Barley 4 3.9 .56 3.5 .50 1.1 33
Barley 5 - - -- - - -
Barley C-7 2.0 125 5.5 .345 .36 61
Tobaceo C-1 83 - 86 - .97 29.5
‘Barley C-;9 : o - - - - o=
~ Barley 10 1.5 .15 .36 .036 4e2 29 o
oo [ ]
Barley 11 2.9 ) .12 2.5 .10 1.2 23
Barley 12 1.7 A7 2.2 .22 .78 29.5
Barley 14-1 6.2 31 - - - (27)
Barley 14-2 4.6 .23 ': - - - (27)
Barley 14-3 4.9 «R45 -- -- - ~Z4 mm*
Barley 15 - - - - - -
* Obtained by flushing out respiratery 0*02 vd th "oil-pumped No" and weighing BaC 03 8

* 1umHg "= .069 mmols COp = 1.55 ml, CO, at S.T.P.
*¥¥ RQ; and PSQ values were variable within each experiment

~



Experiment

Barley 26-1
_ Barley 26-2
. Barley 26-3
Barley 26-4
Bérley-26-5

- Succulents C-2

Barley 28-0
.Barley 28-1
Barley 28-2

.. “TABIE / (cont,)

*%
Average Gas. Exchange in_Darkf ‘

Carbon Dioxide
"mm Hg

- min, gram.

~'x 100

=TT

- om eo»

s
RV

071

085
123
*x 1 mm Hg =

R.-and PS

Q

~Oxygen

mm He  mn Hg
min, min, gram
x 100 - x 100~
1.45 ?145‘
0.85 085

,069 mmols CO

S LY g, e =

© “Resp. Quotdent™™ Initial
dgy)

;e
e

1.0

1.7

¥ 1,55 m1,3002 at S.T.P.

q velues were variable within éach experiment,

065=T4ON
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Tables TCRL-590
Precision of "M‘e_:as‘urements
| -’;’AB'arlex 14 .
o L ‘ Ioniz, Specific
Tlme o Even'b _ - 002 A.nalyzer Gh\{arAnberu 'Agtivity
0 Start oi' respiration before Ps No, 1 17 0% 2% 1160 * 1% ;I_.OO j ,03
20 Start of photosynthe_sla No, 1 18._8 > 2% l.fL(_;O * 1% 903 x .03
40 Specific activity peak No. 1 3.2 1-_3% | 240_4; 1% - 4'1'?09 * .04
48-60 Steady state No. 1 . 01%50%  0,0% .05mv 0,00 % .05
/100 Middle of respiratiom after PS No. 1 2.7 * 4% 20,4 * 1% '0,11 + ,005
125 Start of photosynthesis No. 1 3.6+3%  30.021% 0124 .004
135-140 ‘Steady state No, 1 . 014506 0,0 * .05mv 0,00 %015
185 M;ddle of respiration after PS Né_. 2 23¢% LoS% 12.2_4_- 1% 0.078 * ,002
210 - Start of photbsynthesis No. 3 | 3;3,: % 18.4 +'1% 0,082 + ,003
225 Steady state No. 3 o 0.1 50% 0.0 # .05m 0,00 * .015
255;310' Average of Tespirstion after PS No. 3  -= -- 0.066 & .01
¥ Obtained‘ by flushing out 6*32 with N s preclpitatlng and counting as BaC 03
' Barley 28 : '
- . o Ioniz, Specific
Time Event _ 002 Analyzer * Chamber Act_ivity
120 Start of resplra'bz.on before PS No, 1 3 96 X 1% 20,000 * 1% 1,00 * .02
uo Start of photosynthesis No. 1 4,20 + 1% 20,000 + 1% 0.935 * .02
180  Specific activity peak No, 1 27 258 1950 # 1% 1.09 + .06
200  Start of steady state No. 1 .03 * 30 4721% 031 % .12
270  End of steady state No, 1 . .03 * 30% 9.5: 5% 065 + ,032
320  Middle of respiration after PS No, 1 .60 * 5% 148 + 1% .049 * .003
355  Start of Photosynthesis No. 2. 1.16 * 2% 248 x 1% 043 * .002
370 Specific activity pesk No. 2 29 * 5% 83 £ 1.5% 056 + .004
390  Steady state No, 2 .04 * 25% 5.0 * 107 ;02‘_5 X .01
420 End of respiration after PS No, 2 L6 F L% 78.5 + 1,58 .,034 + .002



Experiment

DL
P

Barley 4.

wB0=

TABLE 6
. _ - . Dark Respiration
Timé Dark Respiration. P

min, - -mpm Hg/min x 100- 02 -
e 5,0xygen R 002 " mm Hg
66*90.: 9.5 ' 33.5-31
90-230 3.5 31-24

230-360 2.6 _ 24-21

1 w090 9,1 3331

Barley 10

187-192 ¢ 53 29

c oy

| Barley 11

95-140 . . 5.1 31-29
}5963§9¢"r‘_‘ : 3,9 28-21
'135?230 R 29-28
24oaj%o : o.3é' S 28

200-360 | 1.5 29-28
95 19.6 22
100 76 a1s

105-250 2.9 . 2218

300-450. 1.3 - . . 16-15
95-300 . 2,5  22-17.5

©300-450 1.7 17415

- 45 m,

25 m,
65 m,
45 m,
39 R
& m,
155 e

55 m,
- 155 m,

15 m,

40 m,

5 m,
10 m,
205 n,

40 m.

UCRL-590
Pre-treatment

?%;{3 m, steady state) |
dark

?swgé m. steady s£ate)
dark “
Gk
PS (5 m. steady state)
dork
Ps (5 m; steadylééaFe)
dark . N

PS (10 m, steady state)

'dazk‘ffa LT

dark

dafk , .

PS ( 10 m, steady state)

. 205 m, dark



Experiment Timeé

Barley 12

min,

95

100

Barley 14

105

110
115
130 |,

. 150-250

250-330
7

105

110-150

150-220

. 300-330. -

0-20
60
65
70-85

100

110

120

140

145

1.50, [P ,,v . -

160-210

 225-310

Dark Respiration
mm’ Hg/min x 100

Oxygen
34
14.5

8.7

é,l
4o
4ol
3.1
22

Table é (cont.)

c0,

541
3.4
3.4
1.15
9.8
1of6
7.6
o
5.2
Lol
3.0
9.6
o
o

5,0

6.0"

=61~

'v.ggrk_Bespiration

0 _
“05 .
mijg'
29.5
28.5

.28

2723
27.3
26.5
26-24
29.5
28
27-26

25

23-22 . .

(10)
(27)

(24)
(27)

(26)

(27) .

UCRL-590

Pre-Tfeatment

45 m,

Sm

- 10 m,

15 m,
59 m.
35 m,
45 m,
23 1,
45 m,
10 m,
15 @?

55 m,

.85 m,

40 m,
40 m,

5 m,

10 m,

40 m,
50 m,
60 m,
15 m.

> m,

10 m,

20 nm,

15 m,

*Obtained by sweeping out CO, and weighiné‘BaCO§

PS (10 m, steady state)
dark |
dark

dark

dark

dark

darke

darkv e .

PS (1O m, steady state)
dark

dark

dark

da;k'

dark -

?S“(15 m, steady state)
dark |
dayk

dark

dark

dark o -

PS (5‘m. steady state)
dark

dark

dark

PS (2 m, steady state)



Experiment Time

Barley 26 181-185

200=220

230-235

405=410
420-440

Barley 28 72-80
90=110

120-142

215-325
350-355
395=400

400=420

Tobaceo Cxl

105-170

w62

TABLE 6 (comt ).

Dark Respiration. ... -

R N

Dark Respiration
- mm Hg/min x 100
Oxygen . G0y
(5.8) 2,352
.é?5 . 1,66-1.5
1045 1045 R
2.4 14
85 15
1.07
078_'
145
A;‘1?28, :
1.91
.85
| 1,68
86 .8

s
0,
mm Hg
48

&7

46”

49
48

4
.}4—

4O-

48

9

29.5

-

TR
s WL

UCRL-590

¢
PRIt 38 T

"’%TPreaTreatment

100 m, PS (45 m, low 002)

20 m,

50,

SQ M,
15 i,
30£m?
20, m,
50 m,
135 m,
75 m,
40 m,

.‘ 5 M.

dark
dark =
PS (0 m."steady state)

dark (note: no initial
enhancement)

Ps (5 m, steady'state)
ﬁa;k

PS”(75 m, steady state)
darkwh-A..uv “
PSi(lO m, steady state)

dark

100 m, PS (15 m, ‘steady state)
(Notes no initial enhancement)
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. o DISCUSSION B S
Figure 23 shows the changes in (COz)land_(C%CZ)rwhich took
p;ace in experiment Barley 14. At time O a unifgrm gas mixture containing .
1.18 ¢*40, was introduced into the plant chember. The barley respired
inéctive‘coz in'the dark, thus reducing~the specific activiiyo When the
llghf-ﬁ;é-turnsd-on, the>s;ec1fzc actIVItyhfirst dropped brlefly, due to
lnduction'sffectS”(see'bglow, page"8§) then rose to.about 1,2 times its
value at‘ihe'time'the ;ights‘were turned ony or 1.3 times the minimum
which occurred about time 65, The fact that this peak was some loﬁ;h;gher‘
even than the specific'activity“of‘thgworiginal C*Q2 1eft noHoyhgzﬁggp;an-
ation then an isotope effect_(50)*o Firally the continuous respiratory
-evolution'of inactive CO2 caught up to thedphotosynthetic i§9topgnpqg-_
centration and quickly reduced the specific activity to'a”very“loyhyg}gg,_
Photosyﬁthesis was CO,~limited below about 1 mm, partial pressure
and became exactly equal to raspiration when the only carbon dioxide
-avai;;ble égf:assimllatlon was prov1ded b&~reSp1rat10n. ( In strong llght‘
at 45 mm, oxygenm, this steady“state_CO2 pressure was ,04 * .0l mm,, wgll
below thé figures’reported by Gabrielsen (4) and by'Miller and Burr (51) -
See Barley 28. o
After 10 m:nutes at this steady state, the lights were turned

off, Both radio-C 02:and inactive €0, were evolved immediately and,

¥ See section on Speéial Experiments on Isotope_Effect,  ’;
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after'fiVEzﬁipntesg in a steady ratio, As a resnlt,nas.both C*Oz_and
00, increased, the spevific activity of the gas rose, then remained
constanh over long periods of time, Clearly, in the dark recently as-

similéﬁgﬂ'radibaétive:com?qunds became immediapely respirable in a con=-
stant ratié&tb the»evolution of "dead¥ 002, whereas they were not re-

spirable whlle-the llght was on,

L The llght-waS“now turned on againg at low 002 pressures the
respiratory-dllutlon-overtock'the'zsotope effect more rapidly and the
—specificvactivity-didrnotiactually rise, but merely failed to d;qpmmm_“ml
imhediaﬁeiyb_ Shqrtiy*after'the CO, steady state was reached, the lights
were turned off ornce more and the specific activity’found‘Fo‘rigg‘aggén;_‘
to a slightiy’lower'level than that observed after the first ;ighﬁvpgriOd.
As-a check7on'the’iﬁstruments, this procedure was repeateé;onge“mprgg;
this time, after the lights were turned off, the‘eptirg,system;wag;syépt’
for 85 minutes by tank nitrogen (containing about 4 mm, 0,) through a
NaOH buhhierz; The resultént carbcnate was precipitated and 99yn§gd:?y
meags“gf_a-Geiger'counter; . when its specific activity wés}cgnvgrtgd

to ionization chamber wmits, it was found again to be slightly lower

tha#'theﬁPr§§  '«;f;eyglg ”thgvgygrgge rate of respiration was close

to that éf'f"?hékpr?c?éi'ns_ Gark periods,

. _‘is'level of specific activity in the dark was roughly inversely
proportional to the total light period from the time the first major
%.S?imi_l_%?z‘té# of radio-carbon dioxide took place, This merely signified

that the photosynthetic intermediates were transformed into non-respirable
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products more quickly in the light than in the dark,

" Dr, A.A, Benson of this laboratory has shown (52) that algae
assimilating G0, in the light turn less than 0,35% of it into "Krebs
cyc}evrespiratory intermediates, suchfés glutamic acid==~although these
compounds are presept inactive in considerabie quantity, If, after some '
“minutes of photosynthesis, the lights are “turned off and the 0*02 swept
out, the radiocactivity in the glutamic and isocitriq acids is increased
more than_teﬁfoido This shows again that the sources of respiratory
carbon in the 1light differ from those in the dark,

We have usuaily found that after a period of intense photosynthesis
in the presence bf pienty of G0, the dark respiration rate (002 evolutipn_
and‘O2 absorption} is enhanced by factors of 2-3 or more for varying periods
(lOmZQQ minutes - see Table 6), On_thé other hand, in a couple of experir

ments (Bar;ey 26, Barley 28-1) this temporary rise did not appear; in

these casesg the plants had been kept in the llght at the low, steadynstate
pressure of CGZ for long periods of t:une°

It is a great temptat1on to think of all these results in terms
of the»mgss action effect first suggested by quodln (14) 3 ~the building
up of photosynthetic intermediates, which become respirable in the dark,
If the plants are kept in the light with ;ittle CQZ for long pe;iods,
these intermediates aré further transformed into mare stabie Storage and
structural materiais and are no longer readily available for the enhéncen
ment of respiration, This reasoning méght lead one to expect to see.gg

rise in the specific activity of dark respiration after such a long period
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" of light and low CO, (most of the latter originating from dead, respiratory
carbon, at that), Barley 26 and Barley 28-1 whow striking examples of
this (see Table 2 and Figures 21,25").,

| We may summarize these results, then, by saying they all support
the point of view which attributes enhanced dark respiration after a light
period to builteup photosynthetic intermediates,

A.few photosynthetlc and resplratory quotlents( - d(OZ) s res=

: v a(co ) -
pectlvely - d(GOZ) ) computed from simultaneous 02 and CO, 2 slopes
‘are 1lsted'ii gable 3 and 4, They are representative of the surprisingly
wide variation in values we havelobserved in these experiments. It seems
that the only conclusion one can safely draw is that carbon dioxide and
oxygen changes are‘equivalent only when averaged over long periodsy and
‘quite independent at any given moment, The loose linkage of the oxidation~-
reduction systems connecting COy and oxygen is particularly evident in
succulent plants (Figure 223) Bonner and Bonner (53) and others havé”
shown thaﬁ this‘is closely commected to their variable organic acid
reservoiﬁs;. Thg%ﬁérticularly rapid drop of oxygen pressure at low P002
after the light is turned off may indicate that molecular oxygen can

take the§§1h¢§f of carbon dioxide as oxidant of light-generated reducing

power.

* Note however, that in Barley 28-2 (time 395) the specific activity did
rise, as usual, after a short time at low CO, pressure, This seems to
'elxminate'unnsnal behavior on the part of instruments or plants earller
in this exper‘imeﬁtu -‘p.:vf:-‘vf_‘r‘.;.- cewe o ‘ CINER .
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iz It was mentioned above that we have observed certain induction effects.,

For: egample, in-Barley\Zs-l (time 140),'the-direct measure .of assimilation,
a(¢ @

.e __ . 2 . increased to a nearly steady value in about.five minutes, while

dt
theSCOZleope did not reach its maximum for nearly fifteen minutes (see .

. Figure 24¥). In addition, in some experiments (e.g. Barley ;4-1, Barley

~28-1) we have seen a slight net rise in PCO which may or may not be real.

ffThis means that 1nact1ve 002 was belng evolved most quickly for the first

" few-minutes in the light (actually faster than in the dark)g and more dowly

later on*¥

"The magnitude of the isotope concentration observed was rather sur-

. -prising at first, The best experiment (Barley 28, see below) gave us a value
- ‘of about 6;83 for the ratio of assimilation rates of 01402 and 01302. It

: ‘i possible to derive such large differences even for a single step from a

simple bond=vibration calculation if one assumess .
1) ‘the effect oCGurs in the breaking of a bond between the carbon
. 2-acceptor).
2) the zero point energies of the R-C12 and R.-Gl4 bonds differ, but
the enerdy levels of the "activated states" are the same,

3); the relatlve activation energies of the two complexes are the

only factor involved.

*  Unfortunately" 1t is rather dlff“cult 1o see these effects on the. small
scale we had to use for these reproductions.

*H Compare the "gush” of CGq observed by Emerson and co-workers (57).
*%% Recently, Blgelelsen (54) has made more rlgorous calculations in WE§Ch

he found that the amximum zttainable ratio of rate constants for C
and C*4“containing species at 259C was as great as 1.5
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AZIt was mentioned above that we haVe observed certainfinduction
efﬁeéts, For examp169 in Barley 28=-1 (tlme 140), the direct ‘measure.of
aSSiﬁiietion - d(C 02) 1ncreased to a nearly steady value in- about fi;e

dt

minutes, while the CO2 slope did not reach its maximum for nearly flfteen

minutes (see Figure 24" ). In addition, in some experiments (e.g. erlexllé-lg

Barley gg:l)'we have seen a slight net rise in PGy, which may or not be real.

Th1c means that inactive COp was being evolved most quickly for the first few

minutes in the light (actually faster than in the dark), and more slowly later
w*

on ,

The magnitgge of the isotope concentration ebserved was rather
surprising at first, The best experiment (Barley 28, see below) gavevus‘a‘value
of about 0483 for the ratio of assimilation rates of 01402 and_C;202. It ie
possible’ to derive such large differences even for a single step from a simple
bond=-vibration calcuiation if one assumes:

1) the effect occurs in the breaking of a bond between the carben
and a large molecule (such as an enzymatic COz-acceptor). .

. 2) :the,zero.point energies o’ the‘R-GJ'2 and R-CL4 bonds differ,>
but the energy levels of the “activated states" are the same.

3) The £elative activation energies of the two complexes s are the only
factor involved. ™* -

* Unfortunately it is rather difficult to see these effects onthe small
scale we had to use for these reproductions, . N

*¥ Compare the "gush" of 002 observed by Emerson and co—workefs (57):
*¥*Recently, Bigeleisen (54) hes made more rigorous calculations 1n"wh1eh"“

_he foind that the maximum attainable ratio of rate constants for C
"and C =conta1n1ng spec1es at 250 was as great as 1, 5,. ‘
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It 1s, of course, more likely that several suooes51ue bond
formatlons and ruptures are respon81ble° If these occur in a serles of
equlllbrlum steps followed by a slow reaction all the 1sotope effects
will be cumulatives so far as the COz—reserv01r is COncerned (The
last, sloug step would be likely to be the main oontributor, since it
has ho opposing reaction.) |
It is interesting to note that the total isotope effecﬁ'(as seen
in the gas above the plants)vis hence probably greater when the acceptor
enzymes are "saturated" With carbon dioxide than wheu the CO,-pressure
is low; with plenty of CO,=exchange the plants have more choice of
isofopic speciesy as it were,
In only one experiment, so far, (Berlex 28-1) has the precision
of the data justified a detailed kinetio analysis to show the rate of
"1light resplration"o Unfortunately the isotope effect introduces a
third variable (in additioh to hhotosynthetic and respiratorj rstes).
This makes an'explicit solution impossible; however, one can pick a
very sensitive function of these three parameters and try to fit it to
the experimentally determlned values. The functlon chosen was the tlme
rate of change of spe01f1c act1v1ty, a/dt (C 02), or of isotoplc ratlo, |

2
d/at ( ) = depending on which of these quantltles of the CO analyzer

2
furnlsheégl (See section on COzvanalyzer,).
The ‘same expression can be derived for it from straight mass

action kinetics (any order of reaction) of from a "Michaelis"=type
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equation (enzyme limiting = - (55);

Theimass-éction approach merely assumes the rate of assimilation
to be ﬁfﬁﬁé;fidn§17to some poﬁef of the CQZ paftial pressure; éince the' '
same resulfuis obtained for any power (including zero), the equation ob-
taiﬁed for the rate of change of specific activity whatever variation
in the COé dependence is found experimentally,

The "Michaelis" assumptions are a little more detailed, One con-
siders.thevgtmoéphefié CO2 to be in rapid reVersible'equilibriumuwith an

(enzymatic) acceptor As

002 + Az 2( 5 A

The complex then decomposes slowly into further products:

co

o A— >P1+P2

2 slow

The net rate is proportibnal to thé concenpration of the complek, COQ.A,
which isglin turn, given by the eQuilibrium constant for the first
reaction, as wéll as the concentration of CO2 and enzyme, At very high
O, oonéeﬁtrationss the écceptor is "saturated", i,e.,-essentiallj all

the enzyme is in the complex form, and a further increase in carbon dioxide’

does not enhance the rate, On‘the other hénd, at very low-CO2 pfessures; 7;

¥¥% In the latter case one has to assume that the isotope effect occurs‘5}"
in the rate-limiting step after the equilibrium - i,e, that the .
Michaelis constant is the same for the substrate3'01202 and 01402.
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most of the acceptor is available for combination, and assimilation increases
linearly with 002 pressure, The "Michaelis constant" is the inverse of

the equilibrium constant, as usually defined, i.e.,.

K = (002 )) (A)

M_W"

.if éan readily be shown to be edual to the CCz concenfration af
which the net rate is one half the maximum rate attainable with a given
amount of enzyme,

We have called
(C°02) - partial pressure of inactive €O,

(0*02} - " " " radioactive 002
(002) - "o R total_coz

RD = rate of respiration in the dark

Ri= R = rate of respifation'in the light

L_kdi: k = photosynthetic rate constant for'Co.O2

*
* o n " n t
k* C 02
VOE V = " " maximum rate for 0002 (Michaelis eq.)
- n n f 4] n n n
U* C,G2 ( )
%= Eg “=4~§f = ratio of rate constants for 0*02 ﬁo_COO ; an isotopic
PR AN o ny€ilization factor™.
s= C€*0,
- s -~ specific activity of the 002 in the gas
s= ¢ QZ isotopévfﬁtié g nononou

2

crae Wb . . — ¢ ’ ¢
LN RS e !

000 . ) » N '
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Rate Equations from Mass Action Point of View
(CO, Analyzer reading C°02 only)
a/at(c%;) = R [¢%0= k (c%,)
: [C]
* L3
a/as(c’0,) =R [s] = kU, (c70,)
a/at(c0,) =R - 1(c%,) - kU*(C*Oz)
) . *O S S
s - :_(g 2) = Isotopic Ratio
~ ¢, - _
. \ * * 0 '
%% = (€%,) 4/at(c"0,) =~ (C 02)d/dt(c 02)
(Co0,) <
f=_d/’dt(c 0,) _ s R-R [ﬁsfl -K(c° )]
(c%,) (c%,) L 2
a/at(co.) SR
< 20 o T (1-[s]) + sk(c% )
{¢0,) (c%,) 2
KUy (C°0,) = -d/dt(C0,) + R[s]
| e
at(C 0N,
= &/ (' é) + R [sll
- U*(C*Ozj: : v* ¢ 057
djar(cion. L
ds = \C Ol &R - (1-[s]) + R[s] = a/dat(c*o,)
at ~ (c%o,)  (c9oy) | 9*500025 e
o | . _ Ux(C°0,)

* - )
4/at(CO) Ml y | B (Q-[s]) * RisI
(co0,) Ty ©%,) U, (c%,)

Notez The same resulis’iare obtained for an n'th order reaction. .
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Rate Equatiénsrfrbm Michaelis Point of View
(CO, Analyzer reading C°02 only)
a/at(00,) ps = 7 (%)
K, * (co,)
(¢ |
da/dt (¢%,) = - vieo,) + R(1- sl )
v ¥ :
d./dt(c*oz}f: = W (€0 . g (s
KM + ZCOz)
a/at(c0.) = R~ ¥ (c%.,) + U, (c'0,)
AN R—-T-(-‘—'—“ 2 * 2
o Kyeleo) Lo
_ . *
i = R [s] - d/dt(c 02)
N+ (CO, Ux (C'O R
Ky + (C0,) « (C0) TG 0,)
v g= "2 - = Tsotopic rate
(c®0,) .
* 0
ds - datlcoy | [ R(1-[s1) - E_Oz)
dt (€%0,) - {c%, ): K, + (C0,) L
* ' : *‘
= 4/at(c 0). Rg (1-[s1) + o BLgl - d/dtfc 05)
(0002) (c®05) | - Px(c70,) U, (c 02)
e % o
_ * ,
- 8/8t(c%0) Rs (1-[s] )} + R[sd . d/as(c °)
(c%,) (c®0,) U*E C0,) . Tx{C%,]
% _ E
= d/dt(C_Oé) Ug-l) - Rs - (1-[s1) * R[Ls :
Z.cceéj.,w Ux (€%0,) - Ux(C70,)
Notes This is the same equation as that obtained from Mass Action

point of view,
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‘ Rate Eguations from Mass Action Point of View
(CO Analyzer readlng Total CO ) :

- a/at(c%,) = R Lol - x(c%,)
C
d/at(c*0,) = RIs] =10x(C¥0,)

8 © SRR *. v
d/dt(C0,) = R - k(C'0,) - kU, (C°0,)

N 153 g/dt(c*oz)

g
fe R}
ot
8

N
Sensr”

1}

R -2 - d/d‘t.(C*Q ) o) U -1) (c*o._ -]
T (C10) - (00,) + {8 =2} (cT0,)

*
s =% 0 = gpeciric Activity

| ——

g5 - 4/at(C0_ (Co) R, €"0,) | RE] = d/at(c0,) (00) + (Ua-1)(c0,)
dt (co,) (002)2 (002)2 Ux (C70,) A

= 4/at(cT0y) _ o + E[s] -a/at(c" 0) 4 (T%i (8) |Rw-4 (C*oﬂ
(©0y) (c6y) (C0,) Ux Us (cog) - oa 2

Notes This is valid for an n'th order equation.

Rate Equations from Michaelis Point of View
(CO, ‘Analyzer reading Total 002)

Again, answer is same as for Mass Action Derivatives:

*
* | 2 P
& - a/dt(C70,) _ . R[s_‘l d/at(c 02) . Tl

dt (co,) (co,) (CO,) Uy (¢ (06"5

)| RLE] = d/dt(c*ozﬂ
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[Co_] - inactive respirable ca'z;bon
[o"] - rettonctsve v v
o) -ow o m

[S] [6?1 - ‘specific activity of resplrable carbon
cr. .
From phgse(qgantipies we have derivéd éXpreésions for ds/dt and for dS/dt,
the former valid if the 002 analyzer records only_Cobz, the latter if it
reads "total CO? . "
We first considered the COé’analyzer as reading total~002,vtook
the data for d/dt(C*bz); CO,s and S obtained in Barley 28, assumed various
values for parameters Ug, R and s and plotted a family‘of curves of ds/dt
against time, In addition, we grapﬁed'ds, és.obtained directly from the
slope of the experlmental "Sp601fic actitlty" curve and compared it to
the "caleulated" graphs (see Figures 26, 427528,29),
Flgure 30 shows a 31n11ar set of curves, as obtalned for the more

likely case that the CO analyzer "sees" only C 0 ThlS tlme "rate of

2
change of isotopic ratio" was the experimental graph; again, d/dt(CfOz),
C 02, and s prov1ded the data for calculating ds/dto , | '

The main features of the experimental curve can be reprééénted
only by setting U*_= «83 * .03 and RL'= 0.5 (ihfl) x Ry (whére RbriS'fhe
respiration rate in the preéeding dark period);‘ A finite value was as-
spméd f6r”thé'specifié'activity of respired carbon after an hour or so in

the lightgkwhéﬁever,‘this factor was used gg ggg. Ii-may be more reason=

able to think of Ry as a variable, decreasing from-m~ 2 x RD_when_the
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lighéfis first turned on, to well below 0.5 RD after an hour or more -

averaging at about the latter figure, -
oy . s 105, S S HES »i
This.variation in 002 evolution was alluded to already in édnnectipﬁ'

with "induction effects". One may consider the disappearance of~C*dé to -
be directly proportional to the rate of assimilation; the curve fitting
above, provided a value of the isotope utilization factor to be used in

thé calculation, The differenceﬂig.rates,ofhdisappearangeionme.isatopié"

species was then an instantaneous measure of RL:

Ry = 4/as(00,) + k(Co0,) + kux(C¥0p)

A

a/at(C0,) 4, § @9

. .where k = _/~
o 0x(070,) Ux(CT05)

A third method.to_detqrmipe'RL is to extrapolate the curve of net.

rate of CO, change to zero 002 pressures

-3/at(00,) = k(C°0,) + KUx(C'0y) - Ry
| a/an(0,) = KO) + W(0) -y - -Ry

Figure 34 shows the extrapolations obtained from the data of Béfiex 28-1
and 282, They correspond to | »

Rp= (.65 =.7) xRy
If one subtracts By (determined by any of the above three methods) -
from the net change in CO, one gets a series of values for the rate of

photosynthet;c gas assimilation, Plotted against COz_partiallpressUre,
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these_yiﬁld a hyperbola closely approximating_a theoretical Michaelis
curve.f;r KMv=.a%9_: 005 . mm, GOy, From this association constant for .
carboxylation, -one can calculate a-iF = =5,7 k, cal./mole, but the sig-
nificance of this figure camnot as yet be judged.

v%. . ~It was mentioned in the Introduction that gas phase measurements
alons” cannot givéins,a_true value for either ‘total respiration or total
photésynthesis in the light,,ﬁut only the fractions of gas actually ex=
chaniged with the atmosphere above the plants, Some portion of respired
€05 must_certainlymremainﬂdissolved‘in-theacells, and be re-assimilated?_
from solution, Once it is evolved into the intercellular air spaces, it
should diffuse quickly'into the main gas body where a 500 cc./b;n,;wind;
provides excellent mixing,

. A part of the:obser&ed depression of light respirationucogld;be
due to this effect, The diffusion calculations of McAlister (31) and of
LinderstrBm=Lang (56), as well as the experiments of‘Gabrielseng(ll) seem
to éﬁé&;ihéﬁevgr; thatrdiffusion equilibria-iﬁ ou? bJOgl mm._phick barlgy'

leaves are rapid enough to keep it small compared to chemical processes,

¥ Gabrielsen (11) has. shown fairly convincingly that respiratory inter-
mediates are not re-assimilated as such but only after conversion to -
.carbon dioxide,
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SUMMARY
The gas exchange by barley seedlings of 02, ‘C0., and added C: 02—

2
has been measured'in"a closed systemy, with the'follOW1ng results:““'

1) The carbon of newly formed photosynthetie intermediates is
not availeble for respiration while the light is on but becomes iﬁmediately
respirable in the dark, The enhancement of dark respiration after a light
perlod is very probably due to the bullt-up "photosynthates"

_ 2) Photosynthes1s proceeds at a measurable rate even at“the lowest

002 preseures observed (,03 mm.Hg), There is no evidence for a "threshold"
concentration of carbon dioxide for the reaction, At the lowest concen~
trations'reacheds respiration just equals assimilation, so thet a 002-1 o
steady state ensues, ‘ L v ‘

3) A curve showing the dependence of the rate of photoéyntheSis N
on partial pressure of €0, yields a "Michaelis Constant" of 0,79 nm.Hg; |
this correspends to a free energy of carboxylation of -5700‘cal /moi.

. 4) The mean raté of respiration in strong light 1s ahout half .
that in the dark, -Re-assimilation of respiratory carbon d10x1de probably
accounts for part, but not all of this effect,

5) At low 002 pressures, molecular oxygen may be able to substitute '
for carbon dioxide as the oxidant of photochemlcally generated reducing o
agents,

6) The assimilation of 01402 is about 17% slower than tnat.of g12éé;
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APPENDIX A |
Construction and Operation of an
Oxygen_Polarograph
(May = Auguet 1947)

. o v INTRODUCTION
t In the spring of 1947 it was suggested to the author that he
‘ dééignba polarograph for the continuous determination of 02 in a flowing
;.éés stream, This instrument was to be used in conjunction with others
'Lih the measurement of rates of photosynthesis and respiration; hencs, a'
w;dgfrange of 002? as well as of 02 partial pressures was to be encountered.;
.'A}polarograph is essentially an electrolytic celly, one of whose electrodes
éis very small, When a current passes through the cell, the reactant at
thg micro=electrode bggomes quickly depleted in its vicinity; hepce, a
éiffuéionél‘gradient is established across a "film" from the concentration
~of the reactant in thevmain body of solution to that at the micro-electrode,
which is essentially zero, The rate of oxidetion or reduction at this
eléctrqde,sand.the resultant cell current, thus become limitedvto.thé
rate ofbdiffusion of reactant across the filmy, which in turn is proportional
to its concentration in the main body of he liquid,

" ,F;gure 32\shows an idealized polarogram for the reduction of-02 i
(ofta éiygnfconcentratiqn) at the micro=-cathode (58),’vThe first rise in
cufipgﬁvié_assogiated with:mg redpqtion to H,0,, then a plateau is reéched,

v _ 2 2
wherg the reaction is diffusion limited,

IO

+
 — + + ~EC =
Héoz 2H | 02 r2 e E .68
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Beyond this, the second rise of current indicates the fbrther.reduction

to H 203

2 H20<————-——2H"' * HéOz' + 2:e"4 E° = -1078

Anywhere along the plateau, the "diffusion current" should be
proportional to the concentration of dissolved oxygen, This has been
found to be the case by a number of investigators, using stationary and
rotating platinum, as well as dropping mercury micro-electrodes (59-63),

An ‘examination of the literature revealed the fbllowing"informétion::.

1) No pojarograph had ever been described for the confihuous'bxygen
analyéis of a gas Sﬁreém§ _

2) The rotating platinum micro-electrode did not yield;thé misleading
"maxima" in the currentevoltage curves of the drébping mercury electrode,
was much more sensitive then the stationary-wire eiectrodé:(dué fs'lafgéf'
diffusion é&ffents) ana responded much more qﬁickly thénsbéih'Otﬁéf types,
As é result, it waé chosen &5 tﬁe instrument to be used, - )

o N ;'Desjgn of Equipment .

Rotof "E" described by Laitinen and Kolthoff (58,63) wes modified ..
as shown iﬁ'ﬁiéure 33, The " fead" gas spaée was mihiﬁizé& to about é e
cc.; the mercury cup end Wilson seal gave & gas;tight'closufe,(which;
however, could not be subjected to evacuation), The shaft béaringjthe .
platinum wire electrode was coated with Glypféi or Ceresin ﬁﬁxf"alfhough
some’trouble”wis.exﬁériencéd with pinholes in the former'and eracking the
1atféf iﬁsﬁlation; either of these coafings worked well if applied care-

fully, A verticael stirring motor rotated the shaft at a steady 886 r.p.m,
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The anode cell (Figures‘34,35)‘consisted of a quiet pool of
mercury (cul cm2° large enough to show no concentratlon polarlzation), .
covered by the "supportlng electrolyte", usually O l N KCl Thls, in |
effect, constltuted a "0,1 N calomel half cell", and the "applled e.m, f.! "
accordlngly included the (steadyﬁ potential of .335 005 v, (dependlng
en” the partlal pressure of oxygen) (6&) A wire in a mercury'well pro-
v1ded eleotrlcal contact to the anode, and a 51ntered glgSS disk allowed
e rapid stream (rv lOO ce, /mln ) of flre gas bubbles to be pumped through
the cell
Figure.ss showsithe eleotrical‘oircuit. AG.E, recording popen-
tlometer aoross a standerd resistence box acted as microemmeter_(reedlng:l
.o 2 7) vThé 'applieo potential® Was'equel to that across Rs,‘since“the:
drop across the potentiometer resistance nas‘always small compared to tnat
across the polarographlo cell This potential could.be varied byvneans of
rheostets Rz and R4, in order to obtaln a plateau curve” of cell currenp
VS, potentlal The voltage oould then be held constant at some value L
w1th1n thevdlffu51on—llm1ted plateau reglon and the current measured as.

a functlon of dlssolved oxygen concentratlon._
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o OPERATION

RS

Figure 37 shows a typ1cal "plateau curve. It resembles the

f P N,
¥ Shes i

PO I

plots of Laitinen and Kolthoff (63) but has a shorter and nore slanted
"plateau”,  The explanation for this very probably 11es in disturbed
diffu51on,'caused by the rapid gas bubbllng.
' Current-concentration calibrations were usually carried out'in
l"N;KCIJSOlution, at 4.75 v; near the center of the'"plateau" Gom-‘
mercial tank gases ("water-pumped" oxygen;‘"oil-pumped" nitrogen containing
0.5% 02, and purified helium) were metered through glass orifices, mixed ‘
in the tubing leads, all excess discarded to the atmosphere through'a‘ |
bypass, and a constant flow of the mixture passed through thelcell;V4 .
The .percent éoncentration of ox&gen in the gas could be readily oalculateoi
it appeared ‘safe to assume a very rapid equilibrium of gaseous and dis-
solved oxygen (90% change in 15 sec, - 61,63). | - (
Individual calibration curves looked excellently linear tseeffiéuneﬁf
38). - Although reproducibility was, at first, very poors it‘impfaaea’ﬁhe;a;"
the cell was held at 0.0 * .5°C by an ice bath‘ however, stirring con= a
ditions were still rather unstsble and could not be reproduced from day toi
day, In fact, in some experiments, the curves for increa51ng and de- S
creasing series of 02 concentrations differed by as much as 10-20%
(see Figure 39), Still, it seems to the author that, if necessary, this
polarograph could have been made to work reproducibly and stably for the
determination of O, in N,

2 2
Unfortunately, it was the purpose of the instrument to measure rates

s Hey or other inert gases.
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oﬂ;photosyntﬁesis, which necessitated the presence of variable amounts
”of*COZ in the gas mixture, A great number of experiments was run to
compare the readings of the instrument in the presence and in the abe-
sence of-l,%‘GO2 in the nitrogen. With CO2 results became even less
reproducible than before, It appeared reasonable that this might be
due to changes in the pH of the electfolyte, Two methods were tried
to overcome this;

1) - substitution of .1 M H,S0, (with and without KC1l), to keep
the solution too acidic to be affected by the solution of CO,;

- 2) the use of a pH 5 phosphate buffer,
Neither of these methods improvéd matters; in both cases, slow electrode
reaetions (such as the fgrmation of Hg2804 at the anode and some sort of
corrosion at the cathode) may have been responsible fér variable results,
Cleaning the platinum electrode by filing seemed to help only temporarily.

Two other eléctrodes were prepared in the following fashion:

1) Silver was plated on to the platinum wire from an Ag(CN)z-
solution (5 minutes at 3 volts, resulting in a fairly uneven layer),

2) The silver was removeg with nitriec acid and a small amount of
mercury deposited from sodium amalgam, This yielded é "rotating mercury
micro-electrode®™, Neither of these cathodes was stable especially in
the ﬁrééence of 002, Recent ﬁork by v. Rysselberghe (65) has shown
tﬁét if Ozlisvreduced at a dropping mercury cathode in the presehce of
Cdz;.ﬁercérﬁonic acid is formed by the Hy0, at a half-wave potential

intermediate between the two oxygen waves, The percarbonate also catalyzes
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the furbher reduction of the peroxide, These observations may well
explaln the fallure of this polarograph in the presence of carbon dioxide,.
By Jhls time (Auguet 1947) thé Paullng paremagnetlcatype oxygen SN
analyzer had becomz availiable, It possessed many advantages over the
polarographs"simplicityg stability, smalil volume, absence of water,
direct éaiibration e agaiﬁst the pplarographﬂs sole virtue of greater’
sensitivity at ;@w partial%pr?gsuréso Two photosyntheticvexperiments
were carried out, with the two oxygen analyzers operating in series.,
Figure 40 shows a portion of one of these runs, The instability of
the polarograph is clearly showng in addition to "wandering®™ far above |
and below its mean line of trend, it also read high by many millimeters,
although;it had been calibrated only some hours before the photosynthetic
run, Cleariyg‘thé Pauling Meter was far superior to the polarograph EE

and it alone was used in all subsequent photosynthetic experiments,

APPENDIX B
‘Self-Absorption and Backscattering Effects

3n the Measurement of Soft Beta Radiation

_ The_"Self=Absorption" of Organic Materiéls
By way of introduction to the use of tracer carbon, the author
was askedito determine the degree of self-agbsorption of Carben-l/ ijeté;
rays in organic meterials, Up to this time, organic combounds aﬁd'tiséugs
had usually peen burned ﬁ@ C02 aﬁd precipitated and coﬁntéd at EaCOB (42}.

A self-absorption curve had been prepared for this compound (66-)°
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Aﬁout this time it ﬁecame frequently necessary to count organic
substances as’such; because,

a) Uéually theFSubstance had to be recovered for further study,

b)_ Therg was often too littie material for adequate recovery and
precipitétion of the’Cdz, | |

¢c) Combustion was too tiﬁe-consuming.
It was expected that the self-absorption of the organicvmaterial at
equal surface density (in mg./cmz. ) would bé less merious than that of
Bacos; in which the large electron cloud of .the‘Ba++ ion should play a
dominant role in the slowing of eledtrons.

Ther experiments were carried out in the following manner: empty,
weighed aluminum plates were mounted on a sxﬁall turntable.,*_.v‘ they were
mafked ﬁith a ciréle of radius 1.91 cm,, within which the substance to
be'couhted was spread as evénly as pqssible by means of pipette and =
stirring‘roa. A blowef quickly_driéd the deposit (46), Figure 41, The
plates ﬁeré now ﬁeighed égain and’counted under a tﬁin mica window ;

Geiger counter, at approximately 30% geometry,



=86

1 UCRL-520
‘ A‘samp le of carboxyimlabeled phenylacetic acid (spe01f1c act1v1ty | ‘

about 500 '] /ﬁln /ﬁg } (67) was dlssolved in benzene and used far the
flrst two TUNS. Another portion was neutrallzed and dep031ted from o
water solutlor as the sodium salt, and a third as the barium salto A
fourth was esterlfled with p-phenyl phenacyl bromide and the p—phenyl _ r
phenacyl pﬁenyiacetate deposited from alcohol,
| The results are shown in Figure 42, _Thehp;Qinate,represents the
3.frectioﬁjef;maximum sﬁeeific;activity, normalized to unity at zero
;pleﬁe thicknese for alifrunsoi The previously known BaCO3 curve is also
plcéted to:the eame scale, Two things are immediately apparents
. a) the wide scattering of the data (the Ba - salt data were so
;bad they were not even plotted)
| b) the unquestlonab;y steeper curves for all the organic substances
tr:Led9 indicating a far stronger (1f poorly reproducible) self»absorption.

At fimst tnls seemed puzzllngg however, a close examination of
“all organic "piates” soon revealed the explanatlon that all deposits
were more or less granuflar9 with relatlvely large empty spaces between
crystals° Clearly, the effective thickness of the dep051t was three to |
four times greater than the "average thicknesses" obtained by dividing
the weight of deposit by the total surface area, As a result, the
average Peparticle had to travel a much lenger absorber path and had
correspondingly less chance of getting as far as the counter, This

explanation also accounts for the wide scattering of experimental‘ﬁointe. -

From these curves, one may conclude that crystalline deposits
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cohtaining 014 should. have a surface densityagf less than ,05 mg,/cmz.,
counting inert, as well as radioactive material; on the large disks used
in this laboratory this amounts to 0.5 mg. per 11,5 cn?, plate,

Some months later, in connection with the problem of back=-scattering,
a series of really smooth organic plates was prepared, Methyl-labeled
sodium acetate (1.75 x 10° c./min./mg.) was esteiified with p~phenyl
phenacyl bromide and the resultant ester dissolved homogeneously in
another (long-chain) ester, artificial Ceresin wax, the resultant specific
activity of the solution being about 20 c¢,/min,/mg, This mixture was
readily melted and deposited on the aluminum disks, ytelding very smooth
and uniform layers of a wide range of thickness, | '

Thev"relative specific activities as counted at‘30% geometry by a
G-M tube and at 50% efficiency in a window=less Nucleometgr are rgcorded;
in Table 7 and plotted in Figure 43, One may consider these curves to
represent the effective self-ahsorption (including scattering effects,

see below) for any smooth organic deposit on an aluminum backing plate,
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TABIE 7

N O CRR

Geiger Counter Data '

¢
0.8

1,15
“2,76

034,

5
2,21

- 0,207
0.637
14464

13,62
16,95
2.12
3.01
6.1
6.02
11,04
17.6
1.07

7.9
9.87
1,71

96.3
127.2

216.2 .
339.4
354.7

172.6
" 4R.5

49.7

184.8
21,7
27,3
357.2
© 350.2

362,8
187.1
219.4
312.8
302.5
309.7
417.2

C111.4

Afmg,
- 10,39
9.60 .

3,70
312
8.76

10,71

S 12,24
9,08
3720

2.12
2,23
1,85,
7.65
6.35
443
4,37
2.44
2,06

9.02

k
932.2
12853
- 1777.8
25558
2647 -
1428.9
 393.6
.
 :1595""
282
2498

2528,3
1560.5
2472,3

3428.3
1137.3
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63.8 .

35.0

16.9

92.2
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| TABIE 7 (cont.) -
‘Plate = X A A/mg,

129 072, T72.] 8,64
201 7,09 286.5 3451
133 48l 282 5,05
134 4.63 278.8 5,23
136 3,68 222,9 5,26
139 . 3.89 260,8 5,83
137 427 226,8 . 4L.62
127 2,9 - 207.7 6,04
132 3,76 2485 5,74

Note: X = surface density in mg./cmz.
A = total counts/minute on plate

vA/hg;'= specific activity in cts./min./hg.
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The Relation of Backscattering to SelfmAbsorptlon

| At about this time, Dr, Peter E, Yankw:.ch of this laboratory
became 1nterested in the scatterlng of ﬁmpartlcleo by various substances.

It wes decided to compare the backscatterlng from a varlety of backlng

materials with the selfmscatﬁefing of the electrons by the radioactive
deposits themselveso**
The enhancement of observahle activity caused by reflection'

Drocesses is sald to ‘be due to “bagkscatterlng"o ﬁ$ 

L A

'_tr;ﬁ51c actlviﬁy

R N v
B X i

of a thin sample is increased by "exterior roflection” from. the sample .
mounty that of a th;ck sample is further ralsed'byt"lnterlor:reflection?;
due to multiple scattering processes taking place within the. sample A
itself, The latter effect is always observed aS\part of self-absorption

and therefore one compensates for it automatlcally when selfwabsorptlon
wrrecticns sre derived from data obtained experimentally under coﬁdiéffﬂﬁ

tions idéntical with those used in routine counting. -

‘ Beta radiations éubjected to interior reflection can be divided
arbitrarily into two.groupss .{a)...some particles which.start.toward . .. -
the counter are deflected away from the senéitive vblume; (b) others
start 2way from the detector but are reflected back into the counter
from some point in the sample, These two processes differ only in dir-

ection, Deflection has always been measured as part of the complex

* Présent addresss Department of Chemistry, University of Illinois,
' Urbana, Illinois,

*% The remainder of this seetion is quoted from "Relation of Back=
scattering to Self-Absorption in Routine Beta-Ray Measurements."(70).
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beta-ray.absorption phenomenon; reflection, on the”other‘hand,'effectively
adds more particles_to thefmeaeurable flux and thus:enhances the observed :
actiy;ty.,vAt.the surface of a thick.eample the enhancement of the activity
is due entirely to internal reflection, since deflection is negligible-
in the short air path between sample and counter. It can be shoen‘that
in deeger-lyipg layers of the. sample this net enhancement is maintained
desoite the increasing importance of deflection processes. - -

' The“ﬁegnitude of the backscattering effect depends upon the
nature of the sample and mounting and upon the energy of the radiations
involved, When thick samples or‘mounts_are used, the effect increases with
tpeirletOmic‘numbers and vith increasing beta-particle energy. .The activity
iﬁcrease ouerto'the mount is kept'small'by using backings which contain _
;ogly_tﬁe 1ighter elements, such as paper, bellophane, Nylon, etc. (Accqrete
determinations-of backscattering fectors as funtctions of the solid angle.- ' -
subtended‘by'the detector at the. source have not been made, It is known ., .-
,}that the size of the effect observed is dependent upon the geometry of -the:
detectlon svstem, increasinz w1th increa51ng geometric efflclency)._
order to gain information-on the effect of backscattering upon self-absorp-::
tion data, some experiments were performed which were desizned to yield
1nformation concernlng the reJatlve backscatterlng powers of a number of
substances at two different detection geometries. S | o

b 4 pg. semple of C*

an area of 0.0AO_cm?. in the center of a plastic film circle 20 cm,

active barium carbonate was mounted .over

in diameter and,0§07‘mg,/6m2. thicks theneemple.layer;wae»notfheavier.:»v

than 0,15 mg./bm2. The eluminum equivalent thicknees of the counter
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window and air path was 3.4 mg. Jorf at the lower geometry (12%) - and-

2e¢3- mg./cm o at the hlgher (36%). “The sample was flrst counted over:

25 emy of:airy then'thick. laye¥s. oF various’ materlals Wete o naheuvered

to within 0,05 mm. of the back'of the3samp1e spot and the =tivity again’
measured,-ﬁIhiszénhancedfaCtivity, dividedjby'that first observed, is

taken as being equal to the'backscatiering factor of the substance in

4y

the thick backing- layer at the geometrlc efflolency W1th which detece = -

tlon was carrled out. The data’ are collected 1n Table 8.
TABLE8 | N
Backscattering of clé Beta-Partlcles -

Relatlve observed act1v1ty

- - Seatterer - . - R 12% geometry S 30% geome
Mr oot 100 100
Platinum . - . ' C0 1,43 i 0.02 _ 1,51+ -0;02"
Barium carbonate .. . 1,30 # 01 1,35 + 00 ¢ &
Glass - . - -t - 1.16 _t .01 1,17 # .01
Alumimm- 135 £ L0 1.16 & LOL% **
Paper (unsized): -~ = ' 1,04 015 1,07+ 015
Wax (artifiQiallceresin)'a SR 1005": ,015 015 -

* Compare with L.D. Norris and M.G, Ingram (68).

** Compare with J.R, Hogness, et al. (69). - .~ .

From these data it is pbssible-fo nakeé certain'Efatements about

try

interior reflection in samples of various thicknesses, “Considef,.first;,":

a sample of radicactive barium carbonate mounted on aluminum‘aﬁdfcounted'

Y
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at 36% peometry, If 6he?envisionS'the‘Samﬁie’es'made ﬁb‘of-meny.thin a
layers, it'is apparent that the observea'eetivityjef”fhevfirsﬁ lamina =
(countiﬁg from the mount) is 1,16 times the intrinsic activity because
the aluminum mount contributes an additional radiation flux to‘the
measurement by exterior reflection., The eetivity observable from
the next lamina is increased by slightly more than 1,16, for although
fewer radistinns can reach the backinggvthey are more powerfully reflect-
ed from the first barium carbonate lamina, Thus;Aes.the sampie'thickness
is increased, the activitywrises from 1,16 fe l.35‘times ths%;ebserved '
when all reflectlon effects are neglected If samples of eetieenwax
were used, the activity observable would fall from 1 16 to 1, 07 tlmes
the "no-reflection" strength because the interior reflecting power of
‘wax is less than the exterior reflecting power of aluminum,

Backscattering effects saturate very rapidly because they in-
volve double transit of radiations through absorbing layers, The
maximum penetratlon thickness of GI4 beta=particles is about 28 mg/em
yet the reflection effects reach 80% of their maximum at a sample thick-
ness of 6 mgo/cm . and 97% at 12 mg./bm .

It has been assumed by many investigators that the effective
self-absorption corrections for several sample substances are’very‘nearly
the same as those for barium carbonate, for which most such determinations
have been made., That this is not the case can be seen by reference to
Figure 44, where data for wax and barium carbonate samples, all mounted
on aluminum, are graphed,

A consideration of the reflection enhancement of the observed
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radiation leads one to expect that, at sample thicknesses where the -
backscattering effects are saturated, the curves for the two sample
materlals w1ll be related to each other by the quotlent of the proper’ ‘
reflectlon coefflclgnts, The value predlcted is1,35 %0 01/1 o7 & o

0,015 = 1,26 ¥ 0,02; that observed is 1.27,

SUARY
‘BadkSEQttérihg appreciably raises the observed p-activity from
‘the,fhick Séméies 6ontaining 614. ”This effect must be subtracted if one
wishes to determine fhe true self-absorption within the semples, The
true selfuabsorption of carbon-radioactive organic materials is the same

8s that of Bacl%o,,
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Figure 6

Crossection of Large Ionization Chamber and Electrometer
(after Janney and Mgyer, 26)
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Figure 41

Turntable and Blower for Preparation of"Plates’

(After A, A, Benson, 46)
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wemmmmmmem=emm--Thin-window Geiger counter &t 30% geometry

Nucleometer at 50% efficiency

In each case, upper curve is for BaC*OS, lower curve for wex,
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Figure 44

Self-absorption correction curves for barium carbonate and wax samples
mounted on alumlnum, as functions of sample thickness, (Data obtained at
30% geometry,) J is fraction of maximum specific act1v1ty. (Seme as
dotted lines of Figure 45 )





