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THE RELATION OF PHOTOSYNTHESIS TO RESPIRATION 

By 

John Wolfgang Weigl 

Radiation Laboratory and Department of Chemistry 

Univ@rsity of Californiap Berkele~9 California 

April 27» 1950 

ABSTRACT 

The gas exchange by barley seedlings of02, C029 and added 

C*O has been measured in a closed system9 with the following results; 
2 

1) The carbon of newly formed photosynthetic.intermediates is 

not available for respiration while the light is on but becomes immedi-

ately respirable in the darko The enhancement of dark respiration after 

a light period is verrprol::rabiy·dt:re to the· built-up "photosYl1thates"., 

2) Photosynthesis proceeds at a measurable·Tata_even at the .lowest 

C02 pressures observed (o03 mm.,Hg)o There is no evidencefor a "thresh­

hold" concentration of carbon dioxide for the reactiono At the lowest 

comcentrations reachedp respiration just equals assimilation9 so that a 

co2 .. steady state ensueso 

3~ A curve showing .the dependence of the rate of photos,ynthesis 

on partial pressure of C02 yields a "Michaelis Constant" of Oo79 mmoHg; 

this,corresponds to a free energy of carboxylation of *'5700 calo/molo 

4) The me.an rate of :tespiration in st1ong light---is ·about half 

:;-Work described in this_paper was sponsored by the Uo~o Atomic Energy 
Commission c. 

.. \~ 



that in the darko Re=assimilation of respiratory carbon dioxide prob-

ably accounts for part9 but not all of this effecto 

5) At low co2 pressures~ molec~ar oxygen may be able to sub­

stitute for carbon dioxide as the oxidant of photochemically generated 

reducing agentso 

6) . The assimilation of c14o2 is about 17% slower than that of 

Backscattering appreciably raises the observed ~~activity from 

the thick samples containing c14
o This effect must be subtracted if 

one wishes to determine the true self-absorption within the sampleso 
........ 

The true self ... absorption of carbon radioactive organic materials is 

the same as that of Bac14o
3

o 

.i 
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PREVIOUS INVESTIGATIONS 

~he relation of photosynthesis to respiration is 9 as yetD indade= 

quateiy understoodo Until recently9 it was not even certain whether, in 

the light9 there occurred any respiratory evolution of C0
2 

si~ultaneously 

with the assimilation of carbon dioxide from the air9 or whether, pe~haps 

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

respirationo The reason for this uncertainty is that the net overall 

reactions usually written for these two processes are opposite~ 

Photosynthesi s:i: 

Respiratiom· 

+. 0 
2 

where (CH2C) represents carbohydrate9 a typical photosynthetic product 

and respiratory substrateo 

Without tracers 9 it is in principle impossible to distinguish 

kinetically between these simultaneous and opposing reactions while the 

light is ono Various attempts have been made b~/ a great number of investi-

gators to get approximate values for 81 light respirationo" These have 

involved various assumptions~ 

1) Either photosynthesis or respiration may be poisoned selectivelyo 

Thus 9 Gaffron (1) used cyanide to "selectively" poison the respiration of 

Scenedesmus and found the quantityD (photosynthesis =- light respo + dark 

respo) to.be constant over a range of degrees of poisoning~ however9 he 

could not determine whether light and dark.respiration were equalo In 
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Qhj.,orEJ-a9 on. the other hands Myers and Burr (2) suppressed photosynthesis 

with cyanide' they found a strong increase in oxygen uptake with increasing 

light int.ensit.y (~photo=oxidationit). 

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

.organism without simultaneously upsetting other functions' this is 

expecially true fo~ the case of two such closely related reactions as 

photosyn~"le~is and respirationo 
'~-

2) photos~thesis is known to be dependent on the concentration of 

C02 (below....._ 1 mmo Iigo)io One may measure the net gas exchange as a 

function of 002 pressure (light being held constant9 the resultant curve 

can be extrapolated t© zero (C0
2

) 9 where the intercept should be equal to 

the (light} respiratory rate (evolution of co
2

)o Experiments at such low 

co
2 

pressure have to dates yielded data too poor to be analyzed in this 

fashion!) neither Hoovers Johnston and Brackett (J) nor Gabrielsen (4) 

published extrapolationso 

Very recently (11) the latter author has published the res~lts of 

some interesting experimentss carried out in flowing gas initially free 

of co2 • He collected and measured the co2 evolved into it by "siln leaves" 

( o23 mmo thick);, and 11 shade leaves" (.13 mmo) of Sambucus nigra* o The 

11 shade leaves" turned out to have the same rate of net CO evolution in . ; 2 

light or .darkness 9 while the (five times greater) dark respiration of the 

S!sun leaves" was reduced by about one=half in bright lighto 

* Elderberry 
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Gabrielsen interpreted this decrease as due to re=assimilation 

of respiratory·carbon dioxide in the thicker 11 sun leaves" (which had a 

longer diffusion path for the co2)o The fraction of carbon dioxide re~ 

photosynthesized was found to decrease with decreasing respiratory rate 

and with increasing gas velocity;, These results would indicate th~t 

respiratory intermediates must be converted int~·CO before becoming 
.. . 2. ' 

available for ree,assimilation (thus contradicting those of Miller and 

Burr.ll (12)o 

He further suggested that the 1' shade lee.ves11 in the above experi~ 

ment.ll as well as the "sun leaves" operating in a very rapid gas stream.ll 

showed no photosynthesis because the C0
2 

pressure was below a "threshold" 

of o009%.ll supposedly necessary to "saturate" an acceptoro** We cannot 

underst£m.d this in terms of mass action or enzyme chemistry; on the 

contrary.ll it seems to us that at low concentrations 9 the acc.eptor would 

use the same fraction of CO~ as at higher oneso Moreover9 we feel that 
;.:: 

these data are adequtely explained by his picutre of co2 diffusion into 

the gaso At low respiratory rates9 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 11 threshold 11 ) that re-

assimilation would be negligibleo 

** We feel that systematic experlmental·errors in his earlier work (4) 
invalidate similar conclusions reached theno 
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3) Photos.ynthesis also depends on light energyo 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 9 

see Rabinowitch (5) and Weintraub (6))o For example$ Moore and Duggar (8) 

followed photosynthetic evolution of oxygen in Qhlorella by means of a 

platinum microelectrode$ working in the neighborhood of the "compensation 

point~o In calculating quantum yields~ they corrected for light respiration 

first by subtracting an average value of dark respiration9 then by com­

paring photosynthetic rates at different light intensities (and colors) 

and subtractingo Tney got the same value by both methods and concluded 

that dark and light respiration were equalo However~ the same data could 

be interpreted to show merely that the light dependence of respiration 

near the compensation point is proportional to that of photosynthesiso 

Kok (10) has$ indeed9 found some evidence to this effecto The solid 

line in Figure 1 represents the oxygen exchange of Chlorella as a function 

of light intensity~ in the neighborhood of the compensation poi~t9 Oo 

He considered the slope.from K to S to show the true light dependence of 

photosynthesis9 the extrapolation to B giving the correct value for res= 

piration at bigh light inten~itieso As a result9 he concluded that as the 

' light was increased from darkness to intensity K9 the rate of respiration 

£~eas~ by about halfo 

Unfortunately9 the same data can be interpreted to show almost the 

opposite ~ffect if one considers the slope of AK to represent photosyn= 

thetic light dependence at a constant respiratory rateo From this it would 

L' . 
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follow that beyond K an increase in light results in a linear increase. 

in respirationo Furthermore11 Kok made an error in graphing.!) which re-

sulted in a two to four=fold exaggeration of his deviationo 

4) External respiratory substrates can be added in the light and 

in the dark9 and their relative rates of utilization measuredo Thus. 

Mye~s (13) found the "oxidative assimilation" of -glucqse and ac~tate .;! ' 
,l, - _,_ 

(by dismutation) in Chlorella to be independent of the presence of light; 

however9 this yielded no direct information concerning endogenous res-

pirationo 

5) The dark respiration may be measured as a function of light 

and dark pretreatmento Borodin (14) was the first to notice an increased 

rate of dark respiration after a period of active co
2 

assimilation' he 

also found that a light period in the absence of carbon dioxide produced 

no such enhancemento From this he concluded that the "stimulation" of 

dark respiration after activP- photosynthesis was indirect9 and could be 

ascribed to the availability for (dark) respiration of freshly formed 

photosynthetic productso A great number of investigators have since 

worked on this problem (reviewsg 596915); these effects have been 

observed in a good many caseso In others they may have been hidden by 

large storage reservoirs; Spoehr and McGee (16) found a much stronger 

enhan~ement of dark respiration after photosynthesis in previously 

starved plants then in normal oneso 

In addition to this "mass action" effect due to accumulated photo-

synthesis9 there are undoubtedly some more direct effects9 due to 
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11 stimulationn by strong blue and ultraviolet lighto Furthermore9 

reducing ·agents bUilt up during photosynthesis can apparently use oxygen·, 

in place of their normal oxidant.!) co29 if the latter is lacking ("photo­

oxidationii and its dark after=effects9 Rabinowitch9 5)a These phenomena 

do not appear to bear directly on the relationship between the photo= 

synthetic and respiratory paths of carbon" 

· All these experiments still leave the following basic questions 

unsettledg· 

1) Are the enzymatic paths of carbon in photosynthesis and res­

piration closely linked~ For instance9 are recently photosynthesized 

compounds available for respiration while the light is still on? 

2) Assuming the two processes to be truly independent9 what is 

the rate of respiration during the photosynthesis of normal plants~ 

OUTLINE OF EXPERIMENTAL ATTACK 

There is good evidenc~ ~179 18919) that in plants the path of 

sugars to pyruvate follows the glycolytirc: sequenc:e observed in yeast 

and muscle tissue' there is somewhat less conclusive evidence (18919} 

that this pyruvate is degraded to C02 via the so=called "Krebs tricar= 

boxylic acid cycle"" In view of the close resemblance of the path of 

co2 assimilation to that of glycolysis and respiration (7 921=23) it was 

decided to start a series of kinetic experiments designed to distinguish 

between these processes" 

The availability of tracer carbon=l4 has made it possible~ at 

least in principle9 '00 settle the question of whether the respiratory 
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rates and paths of carbon are the same in the light and in the darko One 

way to do this is to put some leaves in a sealed chamber which can be 

illuminated and darkened, to introduce a gas mixture containing c*o2 

and to follow continuously, by means of non-destructive methods of analysiss 

the concentrations of radioactive and inactive carbon dioxide in the 

gas phaseo If simultaneous photosynthesis and respiration are d;i.fferent. 

reactions~ at least the initial respiratory C02 will be inactive; the 

rate of reduction of the original specific activjty of the added c*o2 

should be a quantitative measure of the rate of respirationo 

Since in these experiments we have been mainly concerned with the 

exchange of carbon dioxide in the gas phase we have used the following 

terminology: 

Photosynthesis: assimilation of C02 from the gas 

Respirationg evolution of co
2 

into the gas 

These definitions imply that even in strong light all respired 

carbon leaves the cells as co2, 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 rates 

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

as co2 o This problem will be taken up further in the Discussion £f 

Results. 

INSTRUMENTATION 

Qeneral Description of Apparatus 
I 
•Figures 2 and 3 show the experimental set=UPo At the beginning 

~~ 



of a run the leaves of 1=2 week old barley shoots were cut and placed 

into a one liter glass chambero This w~s- closed~ the entire system 

evacuated and filled with the desired gas mixtures (containing c*o2)o 

A rubber t't..1bing pump took a continuous sample of the gas in the chamber 

and cycled it through a series of three instrumentsg: an iopization 

* chamber to measure C o
2

, a paramagnetic=type oxygen analyzer~ and a 

selective=detector infra-red C0
2 

analyzero Within less than a minute 

(from experiment Barley ll on)) the sample was re.turned to the chamber$) 

the flow rate being ~500 cc/mino Time lags between the individual in-, 

struments we:-e found to be less than half a minute at these pumping 

rateso The whole system was connected by 3/16" i.do Tygon tubingo 

The plant chamber (Figure 4) was immersed in a tank of running 

water 9 which kept the temperature constant at about 15° C.! 1° C; infra­

red filters were placed in the (,......_., 2 ino deep) water above the chambero 

A bank of spot lights provide-1 approximately 149 000 foco from aboveo 

Biological Material 

In most experiments we used 1=2 week old barley leaves (varo 

Sacramento)o Typical pretreatment was one weekns greenhouse growth.to 

3=4 ino in height.ll followed by a day or two under a 60=watt light bulb. 

The leaves were cut about half an hour before the experiment 9 moistened~ 

placed in the glass chambero During evacuation and gas mixing9 they 

were generally kept in the dark9 in order to minimize gas exchange as long 

as the instrum_!3nt readings were unsteadyo 

In three experiments (only one of which is·recorded in this thesis), 
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succulent plants were investigatedg: Aegeum .§.12.,. and· Crassula multicava. 

Again we used only green leaves and otherwise .followed thep:rocedure 

outlined above., 

Gas Circul~ 

The little "rubber tubingn·pump has been the only piece of 

equipmen~which ha~ never ~iven us any trouble.,· Its mode of operation 
' ....... . 

is easily recognized from the picture in. Figure 4g~ one after another, 

the four rollers at the corners of the square spider pass over the rubber 

suction tubing9 pushing the gas ahead of them and pulling more in from 

behind; each roller blocking a new air pocket before the last has . be.en 

lifted off., Speed can be varied from 50 to 600 cc.,/min., by means of. 

a set of step-pulleys (not shown) and the adjustable hinged tubing race. 

The resulting flow (as measured continuously by a calibrated rotameter, · 

Figure 7) is quite smooth above r---200 cc .,/min., and only slightly .humpy 

(z 10%) ·below this rate., 

. . The main virtues of this type of circulating pump are the smooth· 

flow and negligible "hold-up", 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 C0
2 

precipitation 

in barium hydroxide (see below~,.) supplying air to algae cultures, tnd 

pulling a slow9 well..,controlled vacuum to 10 mm., Hg pressure or better., .. , .· 

The rest 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) . 
I 

tubing was measured (see below~J and found to be negligibleo 

Up to experiment Barley .Jg_ inclusive9 the circulation rate was 

only ~ 100 cco/mino because the capacity of the oxygen meter was 

lirnitedo At this point it was realixed that time lags between instrU­

ments of the order of 1-2 minutes could greatly affect9 (though not 

eliminate) an observed rise in specific activity (presumed due to an 

isotope effect, (see below). Two steps were taken to eliminate this 

source of errors 

1) The Pauling meter was removed from the circuit and the pump 

rate stepped up to )>500 cco/mino 

2) The direction of gas flow was reversed9 in order to invert 

the order of passage of the gas sample through co2 analyzer and iop.i­

zation chambero (As expected9 this did not affect the results)o 

In some later experime!lts (Barley 26.~~ 28), the Pauling meter was 

aga~? put into the system; the gas was pumped through all other instru­

ments first 9 then through a Y connection into another flowmeter and the 

oxygen analyzer, a second Y9 and finally back into the plant chambero 

The bypass took 400 ceo/min, so that the flow through the Pauling meter 

was again only about 100 cco/mino 

One or two drying--tubes, r-6 ino long, were inserted in the gas 

stream between the plant chamber and the first instrumento They contained 

· CaC12 with Drierite (CaS0
4 

with CO++) as indicatoro 
.... 
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.f.:tan~_Gh~ 

The barley chamber (Figure 4) consisted of a one-inch thick 

rectangular brass frame with greased neoprene gaskets9 sandwiched.between 

two l=inch glass panes (24) o After the plants were inserted9 the windows 

were ·clarilped against the gaskets and the chamber exhausted through three= 

way stopcockso A vacuum of 3 ino Hg was just sufficient to hold it 

together and keep it l.eak~,proof" The whole assembly was now submerged in 

the: ri.ttming water of the cooling tank and attached t(o the rest of the_ · · 

system by means of.gro·und jointso 

. bight~ 

Illumination was provided from above by a bank of four spot lights 

(GoEo 150 wat,t Projector or 300 watt Reflector Spots) usually about 3 il;l. 

above the water level (Figure 4)o The average intensity reaching the 

plants tl'l·ough water 9 infra-red filters and glass was measured by means 

of .a calibrated9 wate:r=pro.of Weston Photronic Cello It. turned out to be 

abo~~ Y.,9_90.0 Leo (1509 000 lux) (midday sunlight in Berkeley being about 

* 16.\)500 foCo) 

OXygen~~~~ 

The Pauling Oxygen Analyzer (25) is a small magnetic torsion 

balanceo A vertical quartz fiber carries a mirror and a horizontal pair of 

nietallized glass dui1lbbells 9 free to rotate between the poles of a permanent 

magnet., The gas sample passes through a diffusionbarrier int© the 2 ceo 

* Measured on May 5!1 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 positiono The beam from a stationary small 

light bulb is reflected off the mirror onto a translucent scale; since 

oxygen is the only commonly encountered paramagnetic gas 9 the instrument 

can be calibrated directly by the manufacturer* in terms of partial pressure 

of oxygeno The total pressure of other gases present exerts a negligible 

effect on the scale readingo At normal flow rates 9 the instrumen~i­

cates 90% of a sudden change within one minuteo 

The particular instrument used in these experiments (Figure 5) was 

Beckmanns ~ Q9 calibrated in units from zero to 100 mmo partial pressure; 

with care it could be read to! Oo2 mmo (The range of this particular 

instrument9 incid~ntally9 accounts for the fact that most of our experiments 

were carried out at oxygen concentrations between one quarter and one-half 

that i.n the normal atmospherA; in future experiments we hope to employ an 

instrument of greater range}o 

Determination of Radioactivity 

* Radioactive C 02 was measured continuously by means of an ionization 

chamber and Lindemann electrornetero** The basic techniques were worked out 

at the Radiation Laboratory by Dro C.Do Janney and BoJo jvioyer (26) 9 to whom 

* Arnold Oo Beckman Co. 9 Pasadena, California. 

** Electrometer built at the Ryerson Laboratory9 University of Chicagoo 
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we are indebted for the loan of equipment and much valuable advice., Figures 

5 and 6 show the set"-•UPo ~:wco ionization chambers were used in different 

experlrn€mtsg a 10 cc., chamber of s:i.mplified design (Figure 5) and a 

standard9 100 cc., model (Figure 6) which had nearly ten times the otherns 

sensitivity but als© contained a greater portion of the total volume of 

the systemo Both WfJre provlded with two connections and needle valvess 
. • . .:'-

to facilit.ate e.n efficient a:nd continuous gas circulation through themo 

It was fotL'ld that ga.s movement at the velocities used in these experiments 

has no measurable effect o:n the :ionization current; ioe., 9 eleatrometer 

readings fo:t~ a g:iven activity were the same with the pump on or off., 

Sir.we wr:;: desired t© get instantaneous and continuous measurements 

of the :radioacti·llitzy-9 the usual rate=of=drift fashion of reading the 

electrometer was replaoed by a null rnethodo The condenser system of the 

cJ.I'e:u:it was repla~:.ed 'by the large resistor R (1011.1\, 9 Figure 9), the 

centx·&Jl. ionization chamber probe was ini.tially grounded 9 and the electro­
meter" fiber set t:o the center of the miscrope scaleo After the electro­
meter was u.ngrounded.9 the ionization current9 Ii had to travel through 

Resistor R9 past; junction V and through the decade resistance box (0=9999J\.}1 

to groundo A relatively large opposing current (0=1 milliampere) was made 

to travel in the external circuit sketched below V~ its magnitude was 

controlled by the 109 000··1. potentiometer and 45 v battery o 

The potential this RHbucking18 current developed across the (variable) 

decade box appeared a·t point V~ when this voltage just equaled that de ... 

veloped by the ver."'y small ionization current I1 through the very large 

resistor R9 the electrometer needle appeared at the center (null) positiono 
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In practice9 all changes in ionization were quickly followed by 

continuous adjustment, of the potentiometer and occasional changes on the 

decade resistance boxo The opposing current was measured by a recording 

Esterline=Angus milliammeter9 so that the operator merely had to keep a 

record of changes on the resistance boxo Later~ after the experiment9 

the ammeter data could be read off the chart and multiplied by the pre-

vailing decade box resistances to yield "millivolts11 of radioactivityo 

In some recent experiments 9 such high ionization currents were 

expected that it was necessary to add l09 000f\. of the 509 000n. "current­

limi ting11 resistor (of the opposing circu.i t) to the decade boxo This 

was done with a rnultiple=position switch and wire=wound precisio~ re-

sis torso 

The response of this circuit is linear with respect to radio-

activity; that is a plot of 11rnillivolts 11 of actiVity against rnicrocuries 

* of. C 02 contained in the cham'IJer is a straight lineo This has been shown 

true for the large chambers by serial dilution experiments (26927); and 

for our little chamber by the injection of several measured aliquots of 

radioactive c*o2o Readings show a strong dependence on total gas pressure, 

since the radii of both chambers are considerably smaller than the median 

range of the p~articleso They also show a somewhat smaller dependence on 

the kind of gas present in the chamber' thus 9 Otvos (28) has found that 

for c14 beta radiation of a given strength9 oxygen yields only Oo76 as 

many ions as pure C029 and nitrogen Oo57 as m~•· In our experiments these 

effects were negligible since at most 4% C02 were exchanged for 4% 029 the 
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for the 1.$ co2 experiments but negligible for those starting with less 

than 1% (e.,g., _fu!rl3X ,gs)g 

%C02 

L$ 

2% 

1% 

.. 5% 

0% 

ttionization Probability" 

103.,0 

10lo5 

100 0 8 

l00o4 

lOOoO 

It is an excellent feature of this circuit that it in itself never 

limits the precision of the ionization current readings., The reason for 

this is that the decade box can be kept so adjusted that the milliammeter 

always reads at midscale or above$. hence9 so far as the circuit is con-

cerned9 the same precision of readings is available over an ionization 

current range equivalent to 1~509 000 mvo full scaleo 

.Needless to s~y9 other factors limited the instrument., The sub-

stitution of resistor R for the usual condenser-charging circuit involved 

the sacrifice of a factor of sensjtivity between 10 and 100., Since the 

highest stable sensitivity of the electrometer wa~ about 1000 div.,/volt 9 

this meant that fairly high percentages of radio=C*o2_had to be used, and 

that the 100 cco chamber was preferred to the smaller one., On the other 

hand9 
11backgroundn due to cosmic rays, neutrons from the neighboring 60 ino 

cyclotron and a~contamination from the bras~ chamber walls were all too 
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small to be seen and never gave any trouble at allo 

"Memoryu effects due to previously adsorbed radioactive carbonates 

on the inside walls have never been definitely seen in these exper~ments. 

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)D the sensitivity of our circuit was too low to see such small dif­

ferenceso In special experiments in which large amounts of c*o2 were 

quickly displaced by air.9_over 99o9% of the radioactivity was lost within 

a couple of minuteso 

On the other hand 9 occasional trouble was encountered in the form 

of leakage currents across the main insulator in the chamber~etween 

central probe and ground)o This looked like background and we attempted 

to correct for it in the usual manner (by subtracting the "residual ioni­

zation~ left when all C02 had been removed from the chamber)o This was 

not very satisfactory9 and no quantitative evaluation was made of any results 

obtained in this manner. In experiments9 Barley 11 and 26 for instance, the 

small~ respo large9 ionization chamber gave such troubles. The central 

insulators were carefully cleaned or replaced before subsequent experiments. 

Two experiments were designed to determine the rate of response 

of this apparatus to quick changes in radioactivity. The rubber tubing 

pump (operating at ..--500 cco/mino) and the- chamber to be tested were con-

nected in series' both could be connected alternately to large reservoirs 

containing radioactive c*o2 or to the atmosphere by means of three-way 
-~~ .. , 

stope 6¢.ks.·c, 
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(The "time constant" for the electrometer itself was only 2 seconds) • 

. The small chamber (10 cc.)* underwent essenti~lly 100% of each change 

in less than 5-6 seconds, although the operator sometimes took 15 seconds 

to find the exact new steady value. The large (100 cc.) chamber' as 

might be_expected1 took longer; about 80% of a sudden decrease in ac­

tivltywas complete. in 15 seconds9 .90% in half a minute and 99fo or better 
'.': ,;;: ·. 

·in a. ,minute; two or three minutes were required for the last half per-
.~-:"'.~>: '·;, ., :· ~· 

cent ~! so. Increases in radioactivity were, for some reason, followed 

even mor!?) quickly; more than 99fo of the activity was recorded less than 
·:: :~ •. . ". . . .. '' . . . 

half.:~' minute after the stopcocks were turned. At any rate, all changes 

were 9CJI, complete in 30 seconds9 even in the large chambero These experi~ 

menta were rather import~nt as confirmation of the "Isotope Effect" (see 
:.·:·:·. :· f ' 

Discu~sion). 

.. -:I~ §tra! Currents in Ionization Chambers 

The worst troubles generally encountered with ionization chambers 

due to "stray currents" of the order of magnitude of the ionization 

current to be measured (lo-16 - lo-l3 amperes). Most often these are 

found to cross the main insulator between central probe and ground, thus 

by-passing the measuring circuit and causing what appears like a "back­

ground" reading.. Three distinct effects may cause such currents: 
·'- ' . 

1) true leakage through the insulator, rarely encountered with 

* Used in all experiments up to Barley ~» inclusiveo 
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good materials such as.polystryrene plastic or Kovar glass; 

. 2)) . surface leakagej) due to a film of moisture9 _ or. grease~ fin_gez:-. 

prints 9 etc. 9 which can usually be avoided by careful machining, cleaning 

and handling of the insulator; 

3) 
tt'ff' 

strain and piezoelectric currentso 

The latter effects are usually the most troublesome because 

they are large and quite unpredictableo It is necessary to avoid even 

mild shocks to the insulator; after carefully setting a chamber on the 

electrometer head one usually has to wait from 15 minutes to 3 hours to 

let the strains and their currents die auto Slight temperature changes 

in the room can cause sufficient exp9:nsion and contraction of "poly" or 

Kovar insulators to overshadow small ionization currents completely. 

Recently, two polyfluoroethylenes, Teflon and Fluorothene, have,·, 

:: 

become generally availableo In view of their reportedly excellent elec-· 

trical properties (29) we decided to try these materials for our central 

insulatoro A~so Jane Krone of the Donner Laboratory has tested a number 

of chambers with Teflon insulators 9 using the highly sensitive Vibrating 

Reed Electrometero ~ermal and shock strain currents were found to be 

negligibly small compared to real background (~as, cosmic rays9 neutrons). 

In addition9 these materials can be cleaned safely by the most drastic 

chemical methods and are too hydrophobic to permit the formation of sur-

face water-f'ilmso As. a result; chambers with the new insulators can be 

made to_yield nearly ten times their former sensitivityo 
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Vibrating Reed Electrometer 

The main virtue of the ''Vibrating Reed't electrometer~ (30) for 

this work is t4e fact that it records automatically and continuously 

the rate of charge accumulation in its condensero Since ~rays cause 

far more ionization per part:i.cle than f3 9s 9 each pulse due toa-contami-

nation in the walls wj_ll shoW up as a distinct discontinuity in the 
, ... -::• 

recoTdo ;:>ueh "jumps" are then disregarded when one measures tre rate 

of dri;ft, :'i,n c;rrder to calculate f3 ... rad:ioactivity in the ionization chamber. 

lJ.r..t?-e case of the Lindemann electrometer9 on the other band,, 

the operator cannot adequately distinguish a-jumps from normal,drift 

rate; as,a result9 the {eften considerable) a-background is 1Jncluded 

in the averaged value for f3=radioactivityo 

Now that piezoelectric currents in the insulators appear t~ 

have beell! eliminated.9 it may become possible to use a Vibrating Reed 

electrometer to push the lower limit of sensitivity of our ionization 

chambers l0=100;.;.f'old beyond that presently availableo 
., '. . 

Carbon Dioxide Analyze..r, 

Introduction 

:rn recent years three different methods have been developecf'roi-' _; 

the analysis of gas mixtures for single polyatomic components by means 

of infra;.;red radiationo All three were applicable to the determination 

* Manufactured by A;pplied Physics Corporation.!) Pasadena 9 CaHforniao 

... ·•. 
-.' 
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of CO 9 since this gas absorbs strongly in the 4o3 j..l. region, as well 
2 

as less strongly-near 2o7 ~o 

McAlister (31) passed the radiation from a black-body source 

through his absorption cell9 then separated the 4o3 j..l. band by means of 

a rock salt spectrograph 

.• and measured its ihtensi ty 1Jy means of a vacuum 
+ • ,M ________ ----·------- ·-- ---•••'' -- •••- '0 

thermocouple and galvanometer. The sensitivity was very high; about 

Oo0002% C02 per millimeter galvanometer deflectiono Unfortunately his 

galvanometer was subject to d.co drift (for which, however, he could 

correct periodically)o The re.sponse time was 5 seconds; during ex-

periments galvanometer readings were usually taken every 30 secondso 

Pfund and his coworkers (32) 9 as well as Wright and Herscher (33), 

developed gas analyzers based on the negative-filter principle of Schick 

(34)o Radiation from a homogeneous source passes through the sample 

chamberj) then through two parallel filter cells9 and is measured by 

parallel bolo.m..e."te.r.?o One filter .. celLis filled -with:'the pure gas to be 
o" • • _,.,. • -' "' ... M~· ... - ''' -- •• 

determined_, so that its detector receives none of the radiation absorbed 

by this gas (4.,3 j..l. for C02); the other filter contains a non-absorbing 

gas which permits the corresponding bolometer reading to var,y with the 

c·oncentration of the gas to be measured in the absorption cello The 

difference in the readings of the two bolometers is characteristic only 

of this concentration, and the instrument may be calibrated with known 

gas mixtureso 'Ibis method of analysis is the least sensitive of those 

* discussed here, being most useful in the 0~20% range of co2 concentration. 

-:;·The Wright-Herscher type of instrument is comrnercial~y available from 
Baird Associates, Inco of Cambridge9 Masso 

•. 
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.A third method9 utilizing a selective detector9 was developed 

independently by American and German. workers during the second World 

Waro The principle is letting "black=body radiation pass through the 

llunknom18v absorption cell into a detector containing the very gas for 

which one is analyzingo The gas in tbe detector' absorbs all that re-

mains of. its characteristic bands and comrerts the energy into heato 
· .. '.', ·. 

PftUld (35) measured this without much success by means of a shielded 

Luft (36) ingeniously "chopped 11 his radiation at the source, 

thus generating an audio=frequency expansion and contraction in his 

detector gas 9 whose amplitude was proportional to the "characteristic11 

radiation transrni tted by the absorption cello Parallel optical paths9 

containing 11 standard" and 11unlmown11 gas samples ended in parallel de-

teeter cells filled with C02 o A microphone diaphragm between the 

detectors picked up the diffe:rences in their amplitudes of vibration 

and converted them :lnt© electrical signalso This instrument could be 

made very sensi tive1 for instancejl o03% co2 full scale is attained 

** in a currently available commercial versiono 

In the winter of 1946 a special arrangement was made with Drso 

Oo Beeck and DoJo Popeo of the Shell Development Co. whereby they 

it* . <.<:;-;,, ,,·:"'YS ·. _;;,;.. , ·, ·,· . . · , 
SirH~Jward ,Grubb Parsons and Coo of ·Newcastle~upon-Tyne9 England now 
manufact:jXfe ,Ini""ra"'red Gas Ar.alyzers based on LuftV s 'U.,RcAos .. w 

·' : ,.·· .~-· .·_,-: c~ ··..; '. '. ' { ti.: ·~· • ,>-., , • ~ 
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permitted us to copy their basic design for a new version of the Luft 

infra=red gas analyzero An instrument was built at the Radiation 

Laboratory under the direction of Robert Olsen and P.M. Warrington.* 

Both Shell Development and we have considerably changed our respective 

instrumm1ts since then$ th~ to make theirs more versatile and stable 

~for plant control of co
2 

or hydrocarbons)~ we to make ours more sen-
.. ------ ... . . . ** 

sitive to carbon dioxideo The main difference between the current 

Shell Development Coo model and ours lie in the electronic circuits 

and in the fact that we retained the 11 resonent cavi tiesn while they 

were not versatile enough for Shell 9s hydrocarbon analyseso The fol-

lowing.secti.ons will describe our apparatus only. 

Description 

Figures 7 and 8 show the chassis carrying the optical and acoustic 

components of the instrumento Radiation passes from each glower source 

(at the left) through an absorption cell~ in which the carbon dioxide 

pr~se11:t ~akes out a certain amount of the radiation at 4.3 J.l.o The re­

maining light p~:~.sses through.lithium fluoride windows into the detector 

cell~ which is filled with enough pure co2 to completely absorb the rest 

of the 4o3 iJ. bando As a resultl' the detector gas becomes hot and expands 

slightlyo If a shutter is now placed in front of the sources all ra­

diation is shut off and the co
2 

cools and contracts rapidly. 

* 

** 

Mr. Warringto~ has been working with us ever since.!! mostly on the 
operation and improvement of the co2 analyzer. 

The most recent Shell Development Co. model of the infra-red gas 
analyzer will be cormnercially available from the Applied Physics 
Corporation of Pasadenall California. 

.... 
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k rotating shutter can be made to open and close 120 times per 

second; there results a 120=cycle acoustical vibration whose amplitude 

is a measure of the per cent transmission of the gas in the absorption 

cello A condenser microphone in the rear of the detector cell is used 

to convert this vibration into an electrical signalo Each detector con• 

sists of two co2 ... filled chambers connected by an "induction tube'' of 

such:s~aP.e imd size as to make tJ;le whole cell a Helmholtz resonant cavity, 

giving_a threefold acoustical amplification for this gas at atmospheric 

pressureo · 

The absorption cell on the left contains nitrogen or some other 

unchanging reference mixture9 while the "sample" cell on the right is 

connected to the rest of the instruments by the Tygon leads shown in the 

pictureso_ 

~he two microphone signals are run through pre-amplifiers onto 

the opposite ends of the 11Helipot 11 slidewire of a Brown Electronik re­

cording potentiometero Since the shutter geometry is.such that light is 

alternately transmitted through the two optical paths.9 the two signalsare 

180° out .·of phase and will produce a "null" point of minimum amplitude 

somewhere on _the_ slidewireo The rest of the circuit (Figure 10) serves 

to.drive tile recording pen to this null pointo 

Calibration 

The co
2 

analyzer was calibrated with gas mixtll!es previously an­

alyzed, for C02 by Baco3 precipitation (see below)o Two tanks were used; 

one of them contained nitrogens the other a nitrogen-C02 mixture 
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corresponding to the f'ull-scale percentage of carbon dioxide desired (4%, 

respo 0~75% for 'the' experiments reported hereo L Parallel streams of ·these· 

gases were measured by calibrated rotameters (see below) and flushed 

through the sample cello The valves on the latter were closed and the 

* steady scale reading noted on the Brown charto 

We now attached the rubber tubing pump to one valve and used it 

to p'till a vacuumofabout 10 cmo Hg below atmospheric pressure (measured 

to! 1 IDmo by a mercury manometer)o After a reading at this pressure, 

others were taken at 20 cmo and 30 cmo The whole procedure was now re-

peated with eight or nine other gas mixtureso From these data we could 

plot a family of calibration curves (Figures 11 and 12) of scale readirig 

as a ·function of G02 partial pressure 9 each curve being valid at the 

selected total pressureo Since most photosynthetic experiments were run 

at a 10 ina vacuum (mainly to hold the plant chamber together).ll the "10 

ina vacuum11 curves were the ones· actually used in the calculation of 

kinetic datao 

· A similar pre$sure=broadening effect on the calibration has been 

observed by Fastie and Pfund (32) with the selective-filter type of C02 

analyzero .· Although stirprisingly large~ it is certainly related to per-

turbation of the C02 stret.ching vibrations bY: neighboring moleculeso Cross 

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

* The instrument reading for a given.gas mixture was independent· of its 
rate of flow over the range covered in these experiments (0-600 cco/mino) 
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red absorption of H20 with the gRS kinetic diameters of the perturbin~ 

molecules (as calctuated from viscosity measurements)o Hertz (38) found 

differences in the effects ofhydrogen gas and air on the absorption of 

carbon dioxide9 howeverv nitrogen and air should~ for practical purposes, 

act identicallyo 

In order to eliminate any possible systematic errors in the flow­

meter method or·calibration9 the following confirmatory experiment was 

run fo:r the Oo00=0o75% C02 scaleo A number of lc:-2 liter flasks were 

filled with a series of gas mixtures by attaching the flasks to a mano­

meter. {read ·to .! 1 mm o).., exhaus tirig them to a few micro~s pressure, and 

filling them wlthvarious proportions of o75% C02 mixture and nitrogen. 

Three satisfactory sets of check points were obtained on the flowmeter 

· calib!'ation (see Figtlre 12) .9 -which mear1t that the curves . were valid with~ 

in about,! 1 division below 2 mmo partial pressure and 51 . at most9 ! 2 

divisions above 2 mmo 

Expansions of the scale of the co2 analyzer were effected simply 

by adding .variable resistors to the ,11Helipot11 slidewire (see circuits 

Figure 10) 0 . This decreased the fraction of total resistance comprised , . 

by the slidewire and magnified the ~ffect on pen position of a given 

change in the ratio of the two signalso On the other hands the simul­

taneous equivalent increase of one of these resistors and decrease of 

the othercresulted in a shift of the calibration witho'\lt expansion of· 

contractiono Thus the circuit per.mitted-a]most indefinite expansion and 

shifting of the scale9 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 othere 

Interference by Other Gases 

Carbon dioxide has a secondary absorption band at 2 .. 7 ~' with a 

peak extinction about one-fifth that at 4.33 ~o Although no common 

gas has a band in the latter region,g water does absorb strongly in a 
'• --~ .... _,_ ·---· ,. -... .--- ········-·-·- ~-- - ··- . -~ ... 

narrow band at 2a6 ~e We have calculated the degree of overlapping 

of the water and C02 bands and found that the co2 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 Cac12 drying tubes. The water vapor pres­

sure over the latter is .025 atmospheres (39); thus, at the usual 10 

ino vacuum we had o025 x 30/20 = o0375% H20.. The detector gas responded 

to 4% of this 9 giving a co2 equivalent reading of o0375% x .04 = 

L5•10""3% (or N .01 mm.)o This was just within experimental error at 

the very low co2 pressures prevailing in Barley 28; in all other ex-
. --~~- ' . ··": ..... -~ .. ,_,.... . ' . ""'"' . ,,, . . 

periments to date this "backgroundtt was of no consequence at all. If, 

in the future 9 we decide to work at evenbigher sensitivities, we tmy 

have to insert "negative filters" of wa~er vapor into our light paths 

in order to take out all 2 .. 7 ~radiation before it reaches the detec-

tors., 

This calculation assumed complete absorption of 2.7 ~band ra-

diation by the co2 of the detectorso If this were not true, the 

contribution of water vapor would be even less. 

•. • • .. ~ ....... • , . ....,...,.,~._ •• __ , ........ ·•'• • •"·. r• • 
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One interesting property of the co2 . detector cells is their 

ability to distinguish between c12o2 and c14o2 ."" that is.\) c12o2 in 

the cavities "seesun only abosrption by cl2o2 . and apparen~ none by 

cl4o~o This was not realized until recently.\) when we were able to 
~ 

obtain some c*o2 of very high specific ac~ivit! (("'-' 27% c14o2) and 

measure its absorption in the infrared region (40) o At the low pres., . 

sure·prevailing in the test eell 9 the main co2 bands near 4o3 1.1. appeared 

completely reso1vedo It does not seem likely that pressure broadening 

makes them overlap noticeably at the normal pressures used in .the co2 

analyzero 

Instead of reading ~total co2~ then.\) the analyzer yields only 

ttinactive cl?--o2 8a 9 and what was thought to be Specific Activity (014o2 ) 
. 

0
1L . total C0

2 is really an Isotopi<e Ratio{_~) o This however.\) introduces no· 
. total co2 · · * 

difficulties whatever.\) for the maximum specific activity of theG 02 used 

. in all' experiments up to Barl~ was only~ 1% c14o
2 

or less~ ioeo 

vd thin the error of measurement a In Barley 28 we used 4o 75% c14o2 

and re.,calculated the dam accordingly' even in this case,j) neither the 

qualitative nor the quantitative results were affectedo 

Since the recording potentiometer had a cross=scale travel time 

of only 4 seconds and the detectors and.electronirc circuit responded 

within microseconds.\) the only limiting factor was the circulation rate 

of gas through. the 80 cco absorption cello At a flow of 500 cco/niino 
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it took less than 15 seconds from the time of a sudden change in the 

sample until a steady reading was obtained corresponding to the new 

gas mixtureo 

Troubles 

The difficulties encountered in the construction and use of 

such a complex instruments as this can readily be imagined. The se-

quence of electrical, optical, acoustic and electronic components 

invites troubles of many kinds. Rather than discuss them one by one, 

we have grouped them according to their overall effect on the operation 

of the instrument9 the three main difficulties being "Phase Shift", 

"Drift" 9 and "Wandering"o Dozens of minor mechanical and electronic 

difficulties need not be mentionedo 

.[,q_ase Shift 

One of the most crucial adjustments which have to be made affects 

the precision with which thA null point is definedo 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 o However 1 a 

finite voltage gradient is required to drive the pen motor, and the 

larger the "null" amplitude 9 the wider the range within which the pen 

may sit without moving. It is thus clear that this amplitude directly 

determines the precision of co2 analysis. 

If one takes the 11 standard" signal as basis, the "unknown" 
0 

signal should be exactly 180 out of phase with it in order for the 

"null" amplitude to be zero (and for the pen to drive di~ectly to the 
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null point)o In practices the effective relative timing of the two 

microphone signals is quite difficult to adjusto Two factors determine 

their phase . relationsrr'J.p:S: 

a) The relative positions of the shutter and the windows of 

the abs©rption. rcellso 

pince the _shutter rotates upwards in front of one of the ab~ 
-, .. ·· :w~>\ ~- :-

sorpt~l'l cell§J_/and downwards in. front of the others the first signal 

will be retarded somewhat and the second advanced if the absorption 

cell windows are raisedo Conversely.!) a lowering of the cells produces 

a revers121 phas:ing shifto L"'l view of this fact 9 we have used a thumb 

screw adjustment for the level of the absorption cells in order to 

obtain a minimum null signaL 

b) Time lags in the response of the cavitieso 

It often happens that the phase angle between signals changes 

significantly as the amount of co2 in the sample cell is varied = ioeo 

that the mill point widens from! 1/2 division at one end of the 

range to! 5 or more at the other endo We have performed a variety of 

experiments in order to better understand this "phase shift" and the 

origin of ·the '190° component00'o It is most noticeable on the highest 

scale9 where one of the signals rema,ins steady while the other decreases 

by nearly 50% when 1$ co
2 

is run into the sample cello 

The introduct::lon into the ligbt path of an equivalent area 

of opaqu~ paper has essentially the same effecto The phase shift ap­

pears to be related to the relative (not absol~te) signal sizes~ as 
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well as to the tension on the condenser microphoneso 

In his book9 Vibration and Sound~ Philip Mo Morse (41) mentions 

that condenser microphones 9 undergoing strong forced vibration near 

their resonant frequency are apt to get out of phase with the exciting 

signalo This seemed like a reasonable explanation.; however9 a number 

of runs were tried with different microphone tensions (and hence dif­

ferent resonance frequencies) without any improvemento On the other 

hand 9 recharging the cavities with fresh lOo% co
2 

did seem to help 

temporarilyo The nature of this effect is as yet poorly understood; 

if and when we return to co
2 

concentrations where nphase shift01 is 

a serious problem9 we shall have to tackle it once moreo 

£,rift 

"Drift is the slow change of scale reading while there is a 

given sample in the absorption cello Clearly it is due to a progressive 

change in one or both of the signalso Both ends of the scale usually 

drift in the same direction and at approximately the same rateo 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 or9 more likely, the change of only one of 

themo This phenomenon has been most noticeable on the most sensitive 

scales triedo 

Several possible causes have been found and eliminatedo 

a) Temperature changes could exert an effect on the resonance 

of the cavities (but only a slight one9 since in a closed system the 
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ga:· b~:~~~~us$1 ~\l~:re:~'llTes remains constant at reasonable tempera­
Vdensity 

tures and pressures)o This was eliminated by means of a thermostated 

box9 surrounding the whole chassiso 

b) Slight VC:\riations in source intensities or temperatures 

could be caused by variable voltage or by the ageing of the light 

sourceso · The silicon carbide Clo=bars originally used were found to 

wear unevenly and rapidly~ they were replaced by platinum wire glow­

coils wound on baked ceramic (designed in this laboratory by PoMo 

Warrington)o The input voltage of the sources and» in fact, of the 

whole instrument was closely regulated (! 1/2 vo) by a Sola constant 

voltage transformero 

c) The electronic circuit was throroughly checked for 

stability by testing individual components and by injecting a steady 

11 dummy11 signal at the pre-amplifierso There was no sign of drifto In 

the near future we hope to put a constant output control on one or the 

other signal; if any variation persists it will be due to the other 

11 side' of the instrumento 

d) Changes in the detector gas may have been responsible 

for relatively rapid drift on some occasionso Very slight leaks were 

found in the cavitieso These occurred mostly in the ~ax seals around 

the salt windows» the leaks were fixed» the cavities re~charged with 

co2 and most of the drift eliminatedo There may have been a con~ 

tinuous9 very slow diffusion of co2 through some gaskets which held 
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the cavities together; unfortunately neither neoprene and gum rubber 

nor lead gaskets proved to be entirely successfuL 

c) .The response of the microphones t~emselves may have 

changed with timeo A recent checkup revealed, for instance, that the 

lead gaskets which hold the diaphragms taut had become worn smooth and 

that, as a result~ the tension had slackenedo Other parts of the 

microphone had to be resurfaced at the same time the gaskets and dia-

phragms were replacedo We feel that these are probably the major 
.. ~ . 

causes of our trouble with drift~ and expect that they will be largely 

eliminated in future experimentso 

Wandering 

By "wandering" we defined a random fluctuation in the readings, 

averaging at the proper value for a given sample but taking excursions 

from~ 1 to! 10 divisions, depending on conditionso We felt that 

vibration9 electrical pickup9 and C02 fluctuations in the atmosphere 

were responsibleo 

a) Vibration was mainly generated by the shutter motor and 

shaft and received, of course, by the microphoneso In order to cut 

down the direct connection between them9 the motor was backed off onto 

a special mount and connected to the shaft by means of a flexible 

coupling and special ball bearingso 

All components and both mounts were individually mounted on 

rubber padso In additions, the vulnerable pre-amplifier tubes have 

been replaced by trnon=microphonic" tubes emplaced in gimbalso 
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A' closely related problem was that of twisting and distortion 

of the entire chassiso The originally designed Duralumin base (Figures 

7 and 8) turned out to be too light and flexible~ it was replaced by 

a very rigid mount based on parallel steel pipeso 

b) · Thirty.;.,cycle electrical pickup originated in the shutter 

motor9 ·wbile-plenty of 60=cycle background came from the rest of the 

equipmentD fluorescent lights.9 etco All vulnerable parts·of the large 

circuit· (in cabinet at far left of Figure 2) and of the chassis had to 

be carefully ltshielded"; furthermore a selective feed=back filter was 

introduced into the voltage amplifier in order to cut out all freB 

quencies but the desired 120=cycle signalo 

c) The third source of wander became noticeable only when the 

instrument was set to its most sensitive ranges (Oo2.9 0.19 Oo03% full 

acale ·~ not used in photosynthetic experiments9 to date) o Clouds of 

atmospheric co2 were free to drift in and out of the short air spaces 

between glower9 absorption cell9 and detector windowso A ·momentary· 

high local concentration of C02 (due to a breath9' a puff of !3J!10ke.~~. 

the gas. from a Bunsen burner) could absorb enough radiation in one or 

both light paths to offset the pen temporarilyo 1he constant temperature 

box was of great heip· in reducing drafts of this kindo 

MISCELLANEOUS TECHNIQUES · ·, i· 

Tank Gases 

Commercial nitrogen ( tt oil pumped It or iB:tJ.igh pure11 
51 ()xygen free 

grades)_, and C0
2 

nitrogen mixtures (usually 1$ C029 96% purified nitro­

gen) served to calibrate the C0
2 

analyzer and were used in photosyn= 

thetic experimentso Other mixtures were derived from them by the use 

"•: I 
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of a high~pressure manifold 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 the~ 

were to measurell by letting the latter flow through at a steady rate, 

catching the gas and measuring the volume per unit time. Due 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 manufacturerns original calibrations, 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 with 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 orstructed 

orifices and gave erroneous readings. 

Barium Carbonate Precipitation 

Two methods were used to precipitate co2 as barium carbonate. 

The first, described by Dauben, Reid and Yankwich (42) 9 involves the 

bubbling of C02 through "carbonate-freett sodium hydroxide, followed 

by precipitation with BaC12 • This procedure has certain disadvantages 

when very small quantities of C02 are involved~·. 

* Fischer and Porter Co.g Hatboro9 Pennsylvania. 
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a) A small Na2co
3 

"blank" (of the ~rder of Ool mgo BaCOy per 

mmolo NaOH) is present in the absorbing NaOHo 

b) A fair amount of handling and pouring of the absorbing 

solution in the open atmosphere is required while excess base is still 

presento As a result appreciable amounts of at~?sph~ric co2 are often 

absorbed and precipitated along with the c*o2 from an exPerimento This 

is not objecti~nable when one is interested only in the ~ activity 

fixed9 regardless of its dilutiono However9 it becomes very difficult 

to measure the specific activity of the experimental sampleo 

To overcome these problems, an entirely diff,erent procedure 

was develo~ed~ The sample bulb containing s~me percentage of c*o2 was 

attached to the tubing as shown in Figure 13o A centrifuge cone,of 

appropria'te size was half filled with carbonate-free ~aturated Ba(OH) 2 

solution, while being flushed by a stream of nitrogeno It too was 

attached to the systemo All tubing to both sides of the sample bulb 

was now alternately exhausted by an aspirator and flushed with nitrogen 

for a few times 9 in order to remove~, traces of atmospheric carbon 

dioxideo 

Finally the. system was closed off9 the sample stopcocks opened, 

and the rubber tubing pump startedo While the gas was recycled~;: over 

the Ba(OH)
2 

the centriruge tube was shaken to allow the Baco3 to settle 

to the bottom as it was formedo Absorption was complete in 5-15 minutes, 

depending on the size ' if the sample bulb; this. point. was 

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

on the surface of the solution-.. 

At this point, the pump was stopped and the barium hydroxide , 

tube taken off under a continuous nitrogen stream, stoppered,,and 

centrifugedo · 

. ·.The precipitate was washed three times (t_IDder N
2

) with 

boiling water, once with ethanol, once with ether. It was dried in 

. ;~~~o fo·~. l5 minutes at 70°C o An alternate method of drying was to 
0 

wash with water and ethanol as above, then dry overnight at 110 C. 

Needless to say9 the specific activity of the original c*o
2 

sample was faithfully preserved by this meth6do Straight exchange 

of Bac*o
3 

with co
2 

was the only possible source of dilution of the 

activity; under the conditions of our experiments this should have 

been negligible (43)o 

The two methods were compared by measuring equal samples 

from a 110o75% co2n cylinder (prepared by adding an appropriate amount 

of nitrogen to analyzed 4% co
2 

gaso.) The results were: 

a) 

b) 

NaOH, BaC1
2 

precipitationss: 

Ba(OH)2 precipitationg 

c) · Gas mixing (pressures)g 

At these low :percentages of co2, this is excellent agreement; we · 

feel that; if anything, the sodium hydroxide procedure is in error, due 
to absorption ofr- 1/200 mmolo of C02 from the atmosphere. 

* Barium carbonate precipitates obtained were 65.7 mgo,·resp. 64.9 mg. 

l • 

~·:"·. . 
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Leaks and Vacuum Testing 

·.Gas leaks in various parts of the experimental system were 

a constant source of troubleo Most often they ocurred in the wax seals 

around ionization chamber insulators and absorption cell windows, 

rarely in the plant chamber gaskets (once the latter had been properly 

seated and greased). The connecting tubing itself gave little diffi-

·;, .. cclty~-"~ithough the Tygon readily cracked or formed pinholes when 

pinched excessively. 

The vacuum testing techniques varied considerably depending on · · 

the probl.em at hand. At various times we have used. Bourdon gages, a 

mercury manometer, a differential mercury manometer, pressure- and­

soap-bubble tests, the helium-spray technique and a flow-meter method. 

The latter, to our knowledge, has not been described before. · 

One attaches a fast vacuum pump (Cenco Hyvac) to .a sensitive rotameter 

and exhausts various portions of the system through it. · If the section 

tested leaks, the flowmeter will show a steady deflection; if it is 

tight, the flow will drop to zero within a minute or so. This is · 

perhaps our most sensitive and rapid method of leak detection. 

C02 Diffusion through.Rubber and Tygon 

Three 100 mlo pear-shaped flasks were flushed with nitrogen; 

a 10 ml. aliquot of carbonate-free, saturated Ba(OH)2 was added to 

each. They were stoppered with three well-greased ground joints, at 

ends of which was attached a nitrogen-flushed length of the tubing to 

be tested:; 

1) a 1 em. rubber connection, as control 

2) 60 em. of brown gum rubber suction tubing, used in the 1pump 



-44-

UCEL-590 

3) 85 cmo of 3 mmo LdoTygon tubingo 

All flaske;,w~re; fille~l :with nitrogen, and· inser.ted -into, a. large· de sic~ 
- - ' . . 

cator contain~g an at~osphere of C02 o The far ends of all these 

pieces of tubing were doubly closed by tight pinch clamps and sealed-

off pieces· ·of glass tubingo 

After 48 hours, all three flasks were taken out~ the barium 
·-·----..,._..,,,,;..~·,._.; ,;,,.;.._:•;...·;,.;--':,.;....,_,.-:"'-·"·~· ·'•••:•• ~--.··• •- .... ~ -.o.---·•::.:..-~'~'······''' ·:.:,.•' • ·~···• 

carbonate precipitate remo:ved, _washed and dried under ni trogeno. 

Estimated recovery was ru95% in this caseo The results are presented 

belowg: . 
~\·.·-

.Blank Brown Rubber Tygon Tygon 
3/16" 3 mm. 5 mm. · 

Total B~~o3 recovered {~corro) - mgo 1.9 

mlo C0
2
-.(SoT.P.)/hr/ft. len&,th/atmos. C02 

242 

0.18 

104 (calc.) 

~09 .125 

., · In a typical experiment, less than 10 fte of 5 mm. Tygon was 

used. with a total gas volume of ,v 1000 mlo; hence the rate ~f co
2 

diffusiqn W!=lS ol25 X 10/~0?? X 100 = 0.1)% of C02 _ pres.:~t J?er., hour;;. 
"'···. 

In the presence of 4% C02 (eog. Barley 14) this would amount.to .03 

mmfhro (partial pressure) .9 the corresponding photosynthetic and res-

... · 
' ~-

piratory changes occurring at rates of 403 respo 4 mm./hro Clearly, . 

carbon dioxide diffusion through our tubing was negligible. 

*co2 Generation 

* Bince ,q_arbon.14~.supplied is in the form of BaC o
3

, it is 

* ' 
readily converted ;to C o2 ... by concentrated sulfuric acid dropped from 

a pressure=equalizing funnelo It is then trapped in a glass spiral 

._ ... -, .. : :-~ -.r. ,, -~-· ·',... '. • •. '· 

.... 
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innnerf?ed .in liquid nitrogen. If the trap is sufficiently large to hold 

the c*o2; , it may be removed from the liquid nitrogen and stored indefi­

nitelY ,(42,44)& Dried organic tissue is readily converted to co2 by 

means of a ~imple variation of the above procedure: a chromic acid 

"van Slyke" (47) combustion mixture is dropped on the organic matter 

and heated to boiling for a few minutes. The C02 is collected in a 

cold trap, as aboveo When properly carried out, the reaction appears 

to be quantitative. 

Geiger .Counting 

Radioactive samples were "plated" and counted by means of 

thin mica end-window counters. (for details, see 42,45; also section 

on Self-Absorption, below). 

Extraction of Radioactive Products from Barley Seedlings. 

After certain experiments (Barley 3,4,5) involving various 

* periods of photosynthesis and respiration in the presence of C o
2

, the 

barley was .frozen, dried anQ. extracted. The resulting overall distri":' 

bution of.radioactivity among various fractions has been published (7). 

This work is not closely enough connected wj_ th the topic ·of this . . 

thesis to warrant its repetition here. 

SPECIAl. EXPERIMENTS ON ISOTOPE EFFECT 

A number of experiments was carried out in order to check the 

* rise in the specific activity of the C o2 observed during photosynthesis 

(see Results) 

1) The mos't obvious potential cause was a difference in 
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response·'· times the order 'of 2-3 minutesj) ?etvVeen G02 ·analyz·er 'and :toni.;; · · · 

zatiori idiatnoero ··In· order to eliminate its we i'ncr'eased "the f'16w ·tate· .. ·) ... \Jri .• :. 

to 500 ec/riti.n., (from Barley 14 on) and measured the individual response 

times of the individual response times 6f the instruments themselve·s 

(see above)., The latter turned out to be negligibly shorto 

2} Conceivably some volatile radioactive productj) othe:r th~n 
'·····*''::'".'········ .. ,. .. ,.., ... ,. 
C 0

2 
was evolved during the experimentso The only way to determine 

this was to collect samples of the gas over the plants from time to 

* . * timej) precipitate the C 02 as BaC 039 and measure the specific activity 

of the carbonate sampleso 

,.·J:3arj&y l5j) 12D and~ were three such runso. In the former 

two.ll gas samples were pulled into evacuated flaskso In the latter, a 

series of flasks formed part of the gas system; one by. one they .were 

cut out and by~passed by means o.f T-connections and stopcockso In· 

these experiments the gas volumes had to be very large in order to give 

us enough carbonate to weigh and to make good "plates"-:for counting. 

·Each sample was precipitated with Ba(OH)2 by the rubber t11bing 

pump method (see abovep)o 
. 

Its radioactivity was then measured.by two 

independent methods~ 

a) 

b) 

Plating and counting witb a thin-window Geiger tube,~~ and 

* Transformation into C 02 and measurement in "standardized" 

ionization chambers*., 

* We are indebted to Mrso Ruth Scott and Mrs., Jane Krone for the ioni~ 
zation chamber measurements; Miss Marie Haumeder and Mrso Yvonne ·· 
Stone "platedft and counted many of the carbonate samples., 

.. 
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; The results are plotted in Figtr es 14, 15 ~ and 16. Considering 

the experimental difficulties involved, they appear quite satisfactory. 

Although two or three points are out of line, they do show the rise and 

fall of specific activity observed in the (better) "instrumental" ~s. 

Unfortunately, at very low specific activities of the order of 70 

c./min./mg. Baco3 had to be used for convenient counting; as a result 

our continuous-reading ionization chamber and electrometer circuit could 

not be used to provide a direct cross-check between the two methods. 

The ion chamber values in experiment Barley 25 looked rather 

discouraging •. However, we found out later that the chamber insulators 

used at the time had sufficiently large random ":bransient11 currents to 

mask any signs of the isotope effect. One of the four Geiger counts. 

on Sampl~ 1 is high; however, the other three are close together and 

presumably define the correct ~nitial specific activity. The appearance 

of these results also indicates the great experimental difficulties 

invol,ved in handling c*o2· and carbonate outside a closed system, without 

contamination, dilution, or exchange with the atmosphere. 

One further experiment was performed in order to confirm the. 

realityofthe isotope effect. A.200mg. "isotope farm" of algae 
'' ; .. ' 

* was grown from a 2 mg. i.noculum in a large quantity of dilut; G 02 

{4 liters;~ 1570 dis/min/mg or-"-' 0.2•10-~ cJ.4o2; initial C02 pressure, 

20 mm. hg) •. When 70% of this carbon had been converted into organi~. 

matter, the reaction was stopped, the three "phases" {air, sol~tio~, and 

* algae) separated :and the c.arbon in each converted into BaC o
3 

under an 
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inert atmosphere., The. carbonate was_counted; also.9 lO,mg., ~liqu?ts were 

re-coliV.ert_ed>to _co2 .. ~or the. plir_'p.os;e o! Jll~asurft.ng th_e ,c1~cr~ .in ·:the_,~sfi~e ·. · 

* sampl~s by means of a mass speQtrometer ., The results weret 

Air C02 

Water co2 and 
.carbonate lo207 

Gl4o 
99 

2 

106 
... '',:,;,_•· .. ..'·'..;;:; ,•·~:•:__,'-'-·· .. ·· ;,::-·;·.• ~· .. ·.'·i··~ , -~.··~~-., .... ,~.--·--~"-'•;,·',:.~c.,•;:•"<-'·•··r~ . .,.. ·- ....... ., .. ..._:_.,_ •. _. • ..,.,.,~.,j•-··-•.>••--...A ...... ··: ·• · 

1 .. 15J Algae , 1.;160 83.9 79, 82 
(carr.. for inoculilln: 81)) 

It is iliterestin~ to note the .. unexpec.tedly :j.arge difference in 

isotope effects for :c13o 
2 

(4%} and c14o2 (20%)., The selecti,vi ty by which 

plants discriminate against c13o2 in nature has been measured by Nier (48) 

and Urey. «49); since they were dealing with steady state~ rather than 

with kinetic:systems, the net effects they observed were ~oz;siderably 
\. 

smaller than those--reported here., 
•' : 

RESULTS 

;'OUr. experimen~~ _re_s_~_ts will be_ ~::esented in the r~rm of graphs . 

and tables., Although a number of similar experimen:ts _was. perforllle~. 
:''' '·' 

* (Barley 4. 5.j6,lO,ll 912o26, with radio...C 02 .$) the others without), ,t.~e 

behavior of the plants is most clearly shown. in the two, best runs,- Barley 

li and 28o. ·The ·discussion in the next section will ;¢enter· about these ~wo. 

Each of. the other "hot" ·ru:ri.s suffered: -from· ~·ome experiment(il 

. . 

* The clJo2 peak (mass 45) was obse~ed; U?;tf'ortunately9 '"backgro~d" 
obsctired· -mass peak 46.9 corresponding to cl4o2 .. ' · 

**we &re indebted to Dro .William Siri of.the :Division·of Medical Physics 
for these meaSurementso - . · · ·· · · 

....... , .... ·. · ...... · .. · {.' -· • ·- ., •... -7" .................... . 

/ 
l_ 
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difficulty~ ~uch as inaccurate ?~ta at low C02 concentrations (due~ 

for instance, to insensitivity of the co2-analyzer or 11background11 

currents in the ionization chamber) or time lags between instruments (due 

to slow pumping rate)o Knowing the corrections to be applied, w~ have 

drawn rriore or less quantitative curves for each of these experiments. In 

no case have they contradicted the conclusions drawn from the "best" runs. • 

As mentioned above (under Q~l Description of Apparatus,) 

:; ·all nhot" experiments were started with the addition of a gas 

mixture containing c*o2 to the complete system (plant chamber, plants and 

instrument circuit). After the first four or five minutes of cycling re­

* quired to mix the "slug11 of C 02 with.the rest of the gas.~~ all instrument 

readings became steady and meaningful. 

The experiment proper was not startedo Generally, it involved 

one or more periods of photosynthesis, preceded and/or followed by periods 

of dark respiration. Oxygen partial pressures were read directly as 

often as desired~ both C02 analyzer and ionization chamber readings 

were automatically graphed on the record chartso 

~ter each experiment, these data were read off the charts and 

converted to. "partial pressures of co2nll respectively 0 millivolts of 

radioactivitr1 o The specific activity of the c*o
2 

present at any time 

was obtained by dividing millivolts of radioactivity by millimeters of 

C0
2 

pressureo 

In order to graph the radioactivity most conveniently9 we ar-

bitrarily set the initial specific activity equal to 1.00. This enabled 
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us to calculate and plot "millimeters (Hg) of original c*o2n from the · 

experimental .snmillivoltsn o We co1lld then compare the; time: cours~ ·or· 
. ,. : . 

the two lines l) &upartial pressure o~- t?~a~ _ co2
111 and "partial pressure cf 

* * C o2w~ when G 02 ) total co2 .the sp~cif~~-activity was greater than 

unity£) when c*o2 .(. total co2.1l it was ~esso 

It should be mentioned here that for the purposes of certain 

ce.lcuf~t:i.'ons it ~as necessary to ··used the true- specific activity (the 
.. -

mol per©ent of c14o2 in total co2~0 This was readily obtained from the 

arbitrarily defined value above by mUltiplying it by the actual per 

cent radiocarbon dioxide present in the original gas mixtures (Table I, 

·-colo 7Jo 

It is difficult to present these data adequately on a few 

small graphs because their precision is ver,r much greater than is im-

pliedo For example9 between times 275 and 375 in Barley 28 (Figure 24) 1 

the "Radioactive c~»1 curve barely rises off the abscissa~ yet.~~ a very 

excellent smooth curve may be drawn through the data points even if the 

vertical scale is magnified 200~300 foldo Needless to says our 11working 

curvesn have been drawn to such large scales; on them we can measure 

the slopes and other quantities required for quantitative discussiono It 

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

ments is in table form {see Tables 1=5)o 

•· 



TABLE I 

EXPERIMENTAL CONDITIONS 

( 

Experiment Plants Average conditions 
Age Weight Pre-treatment Initial gas mixture Vacuum Temp. Light Pump rate 
days grams· before 1st light Fco~ _ Po2 $cl402 in. Hg 0 c. r .c. cc./min • 

.! .5 g. (with t~~s) _. . mm.l'Ig mmcHg in Co2 ;! .2 in • .!' 10 

Barley 4 28 (7); Dim 24 ~. 9 _ d~rk 1 h. 22 16 0.01 5 16 (7000)j 100 
i 

Barley 5 11 13.5 Dim 6 h. , d~rk 5 m. 19 12 0.05 5-3 20 (7000) 100 

~arley 0·~7 13 16 Light 36 h., dark 10 m. 13 ,.._, 46 0.0 10 16 (7000) 100 

~obacco C-1 ...... -- Dark 2h. 15 8 o.o 10 16 (7000) 100 

Barley C-9 (10) 6.5 (Dark 30 m.}: 18 2 · 0.0 10 15.5 (7000} 100 
... 

Barley 10 7 10 Dark 30 m. 17 7.5 0.13 10 16 (7000) 100 ~ 
...... 

. . I 
Barley 11 (7) 24 (Dark 30 ~.) 17 5.5 0.25 10 15 (7000) 100 

Barley 12 7 20 Dim 24 h., 9ark 25 m. 19 77 1.1 11 16 (7000); 100 

Barley 14~1 8 20 Light 24 h.i? dark 40 m. 17 (lO)i 1.1 10 22 (7000); 500 

Barley 14-2 Light 40 m •. ~ dark 65 m. 3.6 (23) 0.14 10 22 (7000) 500 

Barley 14~3 Light 15 m.~ da:r:k 70 m. 3J · (23) 0.082 10 , 22 (7000} 500 

Barley 15 8 30 Light 24 h., dark 60 mo 22 -- 0.7·10~4 3.5""'14 25 (7000) 500 
q 

Barley 19 6 14 Light 24 h., dark 25 mo 33 -- 1.6•10-3 10 24 (7000) 500 ~ 
I 

Barley 25 10 15 Light 6 h., dark 90 mo 21 ~- 1.8•10-3 10 21 (70001 500 ~ 



TABLE I (cont.,) 

Experiment Plants· Initial gas mixt~ 
Age Weight Pre~treatment Fco. Fo %c · ·2 
days grams before lst.light 2 2 in CO 

,! o5 g., (with times) mm Hg mm Rg 2 

Barley 26=1 9 10 Light 24 h.9 dark 65 mo 16.3 30o5 0 •. 78 

Bat·ley 26=2 Light 75 ffio ( .01} 48 (Oo16~ 

Barley 26=3 Light 85 mo (oOl} 48 (Ool6) 

Barley 26c4 Dim Ligh:blO ffio olO 48 (0.16) 

Barley 26=5 Dark 145 ffio Col); 45.5 (0.16) 
- ' --

Succulents C=2~1 == 45 .Dim light lo65 16o8 OoO 

Succulents C=2=2 ·== · (Dark respiration) 6.0 JloJ o.o 

Succulents C=2=3 Dark 60 mo 6o6 33.0 0.0 

Succulents C=2=4 · Dark 140 m. 15o8 35o8 OoO 
. ' 

Barley 28=0 '14 (15) Lights dark.l5 m. 3.4 llo2 o.o 

Barley 28=1 . Dark 60 mo 4o2 39.9 4o75 

Barley 28=2 Dark 80 mo lol6 49.0 o2J 

Vacuum Tempo 
in Hg 0"' v. 
~ o2 ino .! 10 

10 20 

10 20 

10 20 

10 20 

10 20 

10o2""9o7 16o5 

9o7 14o5 

9o6=8o2 17.5 

1L2 6,! 2 

10 13.5 

9oS 14o5 

8.5_!o5 15.5 

Light 
foC:o 

8700 

3500 

200 

9800 

9800 

(8700) 

=== 

(8700) 

(8700); 

9800 

9800 

9800 

Ptunp rate 
eco/mino 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

0 
01 
N 
0 

g 
~ 
01 
(!) 

0 
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Ol <l Ol l:l" p.,. t:;· 'i c-t: Ole+ 1-'-'1:::! ~ijlb c+ 0 lb 
(I) c+ 1-'• 4"~ 1-'• H:lc+ 
g) lb a 1-'• 1-'• ·0 a p., (I) 
p. c+ct> ..... tD::Sc+ (I) Ill tD 

-'<I (I) H). Qtlo 

* ..... 
~ 0 

EJq>eriment _ _mm l'Ig_ __ min, fuin. average Notes 

Barley 4. .1 ,!..1 5 1.0 .0,! ? 350 .09 Slow mixing; 3 div. drift of co2 analyzer 

Barley 5 -- -- 1.0 -- -- -- Slow mixing; leak 

Barley C•7 .o.! .1 30 o.o -- 30 -- Slow mixing; 12 div, drift of C02 analyzer 

·_ - · :Tobacco c-1 .o.! .1 10 o.o -- 65 -- n n 5 div. drift of co2 analyzer 
I 
01 . 

Barley C-9 .o .!' ~1 15 o.o ~: -- ·- -- I 

Barley 10 .o.! .1 5 1.0 0 of'-? . - 190 1.o· Time lags, ion.chamber background 

Barley 11 .1.! .1 __ 8 1,0 .o + ? 335 .087 II n_ n n n -
Barley 12 .15 .! .1 10 1.0 .o + 2 235 .14 II II II II II -
Barley 14-1 .1.! .1 10 1.0 .oo.! .05 65 .125 

Barley 14-2 .1·,! .1 6 .122 .oo .! .015 70 .078 Very slight ion chamber drift 

Barley 14-3 .1.! .1 2 .082 .oo .! .018 85* ,066* 

large volume (5 liters) 
g 

Barley 15 --- -- -- --- -- Sampling experiment; ~ 
I 

n n II n (13 liters) 
01 

Barley 19 --- -- -- --- -- (0 
0 

Earley 25 --- -- -- --- -- n n " "' n 

* - Obtained by flushing out respiratory c*o2, weighing and counting Bac*o3 
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0 Plt-t H '"dO~ oco::u 
0 c+CD ::s ::r' a' 0 *~ CD 

1\) ::s 1-'• 0 c+ ::s 0 0 f--J: 
'Cil rq Ole+ c+ 03 0 1\) I-I 03 

Pl fti~ 
() Ho 0 1-'• '-.l=lc+ 

(con~c:).,, 'Cil c+ c+!» P.::S'Cil 0 c+ f-lo Table 2 
c+ !» 1-'• I-I ~Cl>'"d 01-'·4-
!» (/) 0.0 <I P.CD 1\) 0 co •.. 
c+c+ ~ t-1) 1-'•m c+ () . ::s 
a> ro· 4'g ::r' 0.. 0 ·''·~·:-o:,~ ... ..,_ ... 

!» OOc+ ~ ~ !» ~ ct-·1-'• . (') 
o...~ar ;~ 

!» S, ....... 1-'• 1-'• () 
" at(!) ;~(. ~ 00' ::s ,·ct- !» (/) 

1-'·· Ql:l· 0 

* (') 0 
'·• ~ ',.,·. 

~ ' 
Experiment -· fum Hgo. min 9 .. ___ ; · min- average· Notes 

Barley 26=1 

Barley 2p=2· 
' ; 

Barley ~6=3 

Barley 2po4 
'; 

Barley. 26=5 

Succulents C=2=1 

Succulents C=2=2 

SuccUlerrts C~2=3 

SuccUlents.c~2=4 

Barley 28=0 

Barley 2B=l 

Barley 28=2 

~01'.! .05 

~01 .! .05 

.10.! .05 

.015 ! .05 

.01 ! .05 

.05 .! .05 

·92 .! .01 

.o3 .! ;o1 

. ~·' 

.04 .± ··01 

20 

.10 

10 

·5 

40 

45 

5 

.. 7:0 
'!! .~:..-

~' 'i:5 ·. 
t~~ 

-;·, 

.1 •. 0 

.2 .,! ;,2 

2 + '2 
0 -=' .o 

2 + 2 • = 

2 + ·2 
G -== _o 

o.o 

o.o 

o.o 

o.o 

o.o 

, .. 1.0 
~; 
.CJ. $ 

. :~-:,~ 

i~.q49. 
1->~ 

'-~-· ~-~ ~ 
'\ \·.~ t"i 

.,2:! .2 

.. 2.:! .2 

.2'.! .2 

.2 .! .2 

.2 .! .2 

CO:ti=c::a 

.065 + ·.032 .· =. 

~025 ;!· .012 

145 

35 

60 

.20 

.19 

·. Ioniza ti4n chamber "background" 
/· 
! 
.•' 

.. --:-:.: 

== Crassula .~_mul ticava 

140. ... ... "i;' 

30 

80 

25 

.049 Very slight C02 analyzer drift 
(2-1/2 div .) !i: 

.035 (Corrected during experiment) 

'-

;:·j 
... ""'""l . ~ . ; ~ l : 

;~-~-: 

g 
~ 
C11 
(!) 

0 

0 
CJ1 
~ 
B 
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TABlE 3 
) 

* t Fastest Gas Exchange in Light 
i i : 
~xperiment 

'I ** Carbon Dioxide ·, Oxygen Photosynthetic Quotient 
mm!!g mm Hg r mm Hg mm!fg (' d(02} 
min. min. gram min. min. gram t 1 d(C02) 

~ X 100 X 100 x.lOO X 100 
<; !~ 

' - i 

~arley 4 44 6.3 49 7.0 1.1 

Barley 5 42 3.1 . (33)) (2.45) .79 

Barley C-7 35 2.2 (64) (4.0}: (1.8) 

Tobacco C-1 21 -- 31 

Barley C-9 26 4.0 27 4.15 1.0 

Barley 10 26 2.6 
I 

22 2.2 i 1.2 CJ1 
: CJ1 
i I 

i { 

~arley ll 85 3.55 85 3.55 1.0 

Barley l2 69 6.9 77 7.7 1.1 

~arley 14-1 110 5.5 

t3arley 14-2 50 2.5 

Barley 14-3 34 1.7 

Barley 15 22 3.65 

Barley 19 5.3 4.9 -- --- ---· 8 
~ 
I 

Barley 25 3.1 2.7 
.. 

CJ1 -- --- --- co 
0 

* l mm Hg 'i!:: .069 mmols co2 ~ 1.55 ml. C02 at S.T.F. 

** ~ and PSQ values were variable within each experiment 
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Experiment·· 

B~rley 26-1 

Bar:tey 26~2 

Barley 26-3 

Barley 26-4 

Barley 26-5 

Succulents C-2 

Barley 28-0 

Barley 28-1 

Barley 28-2 

. TABLE .J (co~t .. ) 

. *. Fastest Gas Exchange 1n Light · 

Carbon Dioxide 
rnm Hg mm Hg 
mino' .mino .. gram 

X 100 X 100 

57 5o7 

0 

5o·9 o59 

see 
graph 
23o5 L55 

12 .. 5 ~83 

7o0 ~47 

Oxygen 
mm.Hg mm Hg 

mino !nino gr~ 
X 100 X 100 

49 

0 

9o4 

15o5 

11 

10 

4 .. 9 

--"!-

o94 

lo03 

.7 3 

o66 

I· 

;~ 

\. 
f 

Photosynthetic Quotient** 
d(02)J 

... ~ d (co2J 

o86 

---
lo6 

o66 

.88 

lo4 

* 1 Ii1In Hg ~ o069 rnmols 'co2 ~ 1.55 mlo cq2 at S. T.P o 

** ~:and PSQ_ values were variable withilm each experiment .. 

· •. :· 

':..) ,. 

~ 
~ 
I 
01 
tO 
0 

B 
CJ1 
(]) 
B 
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TABlE 4 

' ** Average Gas Exchange in Dark 

Experiment Carbon Dioxidet Oxygen *** Initial ! Resp., Quotient 
mm Hg .ll!,lll·Hg·, mm Hg mm Hg . . d(CO ) PO 

; - 2 mm~g min. -inin. gram -min. min. gram d (02) X 100 X 100 X 100 X 100 

Barley 4 3.9 .56 3.5 .50 1.1 33 

Barley 5 -- - -- -- ~---- --... 

Barley C-7 2.0 .125 5.5 .345 .36 61 

Tobacco C-1 .83 -- .86 -- .97 29.5 

Barley C-9 
I 

Barley 10 1.5 .15 .36 .036 4.2 ~ 01 
........ 
I 

Barley 11 2.9 .12 2.5 .10 1.2 23 
. 

Barley 12 1.7 .17 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* .245 * -- -- -- -4mm 

Barley 15 

Barley 19 -- -- -- '· -- --~ -- q 
Q 

Barley 25 
* _Obt;~ned by r.i~shing, out respi;;tory c*o; -with "oil-pumped N2" a~-weighing Ba~*o3 

r 
01 
<.o 
0 

** 1 mm Hg r;; .069 mmols co2 ~ 1.55 mlt. co
2 

at S.T.P. 

*** R~ and PSQ values were variable within each experiment /---
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Experiment 

Barl_ey 26=1 

Barley 26=2 

Barley 26-3 

Barley 26=4 

Barley 26-5 

· Sticculents C-2 

Barley 28~0 

. Barl_ey 28=1 

Bnrley 28=2 

. ':t.'ABL& 4 (conto) 

** Average Gas llx:change in Dark · 

Carbon Dioxide 
mm Hg mm Hg 

mino 
X 100 

-~c.~ 

1.45 

lo45 

see 
graph 

1.07 

L28 

lo85 

min,. gram 
X 100 

1·o145 

~ ol45 

o071 

.o085 

',.123 

··oxygen 
lffi!i_Hg min Hg 

·· min~ fuino gram 
X 100 X 100 

lo45 ol45 

Oo85 o085 

y 

..... ;· 

·Resp" Q.:uotient*** 
. d(CO ' ·>·;;: 

·-- .2' 
"d(02) 

Clc:IC 

1.0 

lo7 

** 1 mm Hg ~ o069 mmols C0
2 
~ lo55 ml,._ C02 at So ToP o 

*** RQ;and PSQ values were variable within each experimento 

-:--: 

•. 

Init.ial 
·P 

02 

mm Hg 

46 

48 

14 .. 5, 

43 

53 

} 

'·.· 

I 
01 
Q) 

I 

§ 
~-
1 
01 
co 
0 
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·Table 5 

Prec±sion of Measurements 

-Barley 14 

Time Event C02 ~alyzer 

0 Start-of respiration--before PS No. 1 17 .o.! 2%' 
' . . ~- - . . .. - . 

20 Start of photosynthesis No. 1 

.40 Specific activi~·peak No. 1 

48-60 Steady-state- No. 1 

100 Middle of re-spiration after· PS No. 1 

125 Start of photosynthesis No. 1 

135-140 -steady State No. 1 

18.8 + 2$ 
. -

3.2 .! 3% 
. ... . 

0.1.! 50%' 
·. 

2.7 + 4% -
·3.6 + 3% .. -

UCRL-590 

Ioriiz; 
Chamber 

Spec:i:fic 
Activity 

1.00! .03 

1;1.60! ~ .903.! .03 

240 ! 1%' 1.09.! .04 
I o; • • I • -.<· • •. •' 

0.0 + .05mv 0.00 + .05 - -.... " -·· .. 

20.4! 1%' 0.11.! .005 
. .. ~. 

I 

0.0 ! .05mv 0.00! ,015 
~ --- ' " . . 

185 ~ddle of respiration afterPS No. 2 2~3! 4.5% .·- 1~·~ .. ! ~· · 0~078! .002 

.. 210 ·Start of .photosynthesis No. 3 3.3 .! 3% ,18.4 ,!'1% 0.082.! .003 

225 Steady- state No. 3 0.1! 5C!/o 

255-310 Average of·respirrlion after P~ No. 3 •-
. . 

. '. 

o. 0.! .05m\ 0.00 .! .015 

* 0.066.! .01 

* Obtained by fl~shing out c*o2 with N2, precipitating and counting as Bac*o
3 

Barie::v 28 
Ioniz.- Specific 

Time Event co2 ~a1yzer Chamber Activity ·, 

120 Start of respiration before PS No. 1 3.96.! 1$ 20,000 + 1%' .. 1.00 .! .02 
' - ---. 

140 Start of photosynthesis No. 1 4.20! 1$ 20,000.! 1%' 0.935.! .02 

180 Specif'i·c activity peak No. 1 .27 + 5% 1950.! J$ 1.09.! .06 - .. 

200 Start of steadystate No.1 .03.! 30% 47 + 1% 0.31.! .12 -. ' . 

270 End of steady state No. 1 • 03 + 30% - . 
9.5.! 5% .065 + .032 -.. .. 

320 Middle of respiration after PS fio. 1 .60.! 5% 148! 1% .049! .003 

355 Start of Photosynthesis No. 2. 1.16.! .2% 248! 1% .043 .! .002 
. . 

370 Specific activity peak No.2 .29 ! 5% 83 .! 1.5% .056 + .004 -
390 Steady state No. 2 ~04! 25% 5.0! 10% .025 .! .012 

. . . 

420 End of respiration after PS No. 2 .46.! 4% 78.5.! 1.5% .034.! .002 
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'\:1 

'··'· T.AJ3LE 6 UCRL-590 

, Dark Respiration 

• " l, .. · -~ .. -~ 

Tiin6 Dark-Respiration P 
min. ~ tnm .. Hg/min x 100 · · ·•·· 02 

' · l'Oxygen _co
2 

· mm.~g 

Pre-treatment Experiment 

Barley 4 66 ... 90. '9.5 33.5-31 45 m. PS (3 m • steady state) ... 

90-230 3.5- 31-24 25 m. dark 

23QC0:}60 2.Q 24-21 65 m. dark 
-·-· -~--· ... ~- . •. - !.-

~ ' ,·, \·',::70=90 9.;L 33.-31 45 m. PS (3 m. steady state) 
···-· - ·-· ... ~ 

95-.140' 5.1 31-29 30 m. dark 
. ~ .. .. , --· ... -..... 

150~390 3.9 28-2:1. 85 m. dark 
. .. -··· .... -· 

Barley: 10 · 185":'239 ·- .. 2.1 29-28 155 m. PS (5 m. steady state) 
..... ~ --- ; ... 

240~360 0.36 28 55 m. dark 
·- .. ' .. --

187-1?? 5.3 29 155 m. PS (5 m. steady state) 
,·. .. 

. , ' 

,., 
',iJ ·200 ... 360 1.5 29-28 15 m • dark 

''. 

Barley 11 95 19.6 22 40 m. PS (10 m. steady state) 
. ; 

100 1.6. 21~5 5 m •. dark. ......... 
. :• 

105 ... 250 2.9 . 22-18 10 m. dark 

300-450.. 1.3 16~15 205 m. dark 

95-300 2.5 22-17.5 40 m. PS ( 10 m. steady . . . . ' 
state) 

300.,450 1.7 17=15 205 m. dark , . ... _ .. 



Experiment Time 
mine 

Barley 12 95 

100 

105 

110 

115 

130 ' 

150-250 

250-330 

97 

105 

110-150 

150-220 

. -300-330- -

Barley +4 0-20 

60 

65 

70-85 

100 

110 

120 

140 

145 

.... 150' ·'- ··- -- ~--

160-210 

225-310 
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Table 6 (cont.) 

~~k_Respiration 

Da'rk.Respiration p 
mm Hg/min x 100 02 
Oxygen C02 mm Hg 

'' 

34 29.5 

14.5 ~8.5 

8.7 28 
···-. . ·.~ ·-..·:·· . 

6.1 27.5 

4. 7 27.3 .. ... ' 

4.1 26.5 

3 •. 1 26-24 

22 24-22 

9.0 29.5 
. ' 

5.1 28 

3.4 27-26 

3.4 25 

1.15 23 ... 22. 

9.8 (10) 

10.6 (27) 

7.6 

6.6 

5.2 (24) 

4.4 

3.0 

9.6 (27) 

6.8 

6.4 

5.0 (26) 

6.o* (27) 

UCRL-590 

Pre-Treatment 

45 m. PS (10 m. steady state) 
.. . ..... 

5 m. dark 
' . .. -··-

10 m. dark '• ····•· ........ 

15 m. dark 

20 m. dark .. " --

35 m. dark 

45 m. dark .. ... 

55 m. dark 

45 m. Ps· (10 m. steady state) 

10 m. dark .. .... 

15 m. dark 

55 m. dark 

. 85 m. dark 

40 m. dark 

40 m. PS (15 m. steady state) 

5 m. dark 

10 m •. dark 

40 m. dark 

50 m. dark 

60 m., dark 

15 m. PS (5 m. steady state) 

5 m. dark 

10 m. dark 

20 m. dark 

15m. PS (2 m. steady state) 

*Obtained by sweeping out CO? and weighing .. BaC01 



-62~ 

··.·. '·-

TABLE 6 (comL) 

Dark Respiration. 
'I 

Experiment Time Dark-Respiration p . .. "":'::.-'. , rnm·Bg/min x 100 02 
' 

Oxygen co rnm Hg .. ' 2 .. 
Barley2& 181~185 (5.8) 2o35-2.15 48 

.. 

200=220 2.5 1.66-1.5 47 
.; '.· 

230.,235 1.45 lo45 46 ... . '' 
405=410 12.4 1.45 49 

420-440 .85 1.45 48 

Barley 28 72=80 1.07 14 

·.90=110 0.8 14· 

120 ... 142 1.45 40 

275 ... 325 ·. 1.28. 44-48 

350=355 1.91 49 

395..;400 1.$5 53 

'400=420 1.68 53 

Tobacco C~l 
105=170 .86 .83 29.5 

. ·i 

• ,<f\.,: ·.:"· 

UCRIF590 

··.! 
. '.. . ~ ., 

... -~ .. - ...----·;~ . .u.; .• 

Pre=Treatment 

., .. ··-· 

100 m. PS (45 m. low C02) 

20 m. dark 

50 ·m. ·dark 

80 m. PS (0 m.--steady state) 
' . . - .. ·' -·- --·- ---

15 in. dark (riote::-no initial 
enhancement) 

30 m. PS (5 m. steady state) 

2Q,.m. dark 
·'' 

50 m. dark 

135 m. PS (75 m. steady state) 

75 m. dark". 

40 m. PS (10 m. steady state) 

5 m. dark 

100 m. PS (15 in-~ ·:steady state) 
(Noteg no initial enhancement) 
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DISCUSSION 

Figure 23 shows the changes in (C02 )_ and (c*o2 ) which took 

place in experlnrent- Barley 14o At time 0 a uniform gas I!lixture containing . . 

1 al% c14o2 was introduce~ into the plant chamber 0 The barley respired 

inactive_ co2 i~ t~e, dark9 . thus redu?i~g the .s;pecifi? activity~ _ V!h~I_l_ ~he 
~- "-"".-:-.~?·--·.:..·: .... , ......... "'···~ 

li~ht was- turn:ed on» the: spe9ific .activity.i'irs£ c!rowed briefly_, ~u~ _ ~o 

induction effects (s.ee .below9 page 86) then,rose to .about L2 times its 

value at the time the lights were turned on, or L3 times the minimuni 

which occurred about time 65o The fact that this peak was some 10% higher 

even than the specific activity of. th~ original c*o2 left no_ o~~~~ ~~~an-

* ation than -an· i-sotope effect (50) o Finally the continuous ~espirato.ry 

evolution of inactive co2 caught up to the photosynthetic is~top~ coi1-

centration and qttiddy reduced the specific activity to a very low value. 

Photoayrithesis was co2-li-mited below about lmm. partial pressure 

and hec:ame- exactl,-~qual to r-"'3spirat±on when the only carbon dioxide 

-avaliable for as~imilation was provided *respiration. ( ~n str?t:lg light 

at 45 nmr. oqgen9 :this steady· state C0
2 

pressure was .04! .01 mmo, well 

below the figures reported by Gabrielsen (4) and by.Miller and Burr (51) -

See Barley ~. 

Af't'er- 10 .nd:nul;es at -this steady· st-ate 9 the lights wei·e turn~d 

offo * Both radio...C 0
2 

and inactive co2 were evolved inunediately and~ 

-----------------------· 
* See section on Special Experiments on Isotope Effect, 
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after- five ni±~es9 in .a .steady" ratioo As a re.s:ult,l). as both c*o and - . .. - ... 2 ... 

co2 inareased9 ~ sp~~f~C"_act±~ o~ t}re_ ~s rose,l)_ then renm~n~d- _ 

consta)lt' ever lcn1g periods of time c - Clearly s in the dark recently as-
.. - . ~ .. :->-:.:· .-· - -~ .. - ·. .. .. ~ . -- -· - .. . -. - .. " . 

. -
similated radioactive compounds became immediately respirable in a con-

sta~t- ratio··to the evolution of "dead" C029 whereas they were not re-

spirable while- the light was on. 

The light- was- now ~~~--on again' __ at ~ow ~02 pressures the 
. . . 

:respira~oiy-·-di-ln?~. ~o<Jk the- ±s-ot~ effect mora ra?idly ~~-the 

-specific -activity did not -actually rise 9 but merely failed to drop 

irmnedia telyo Sh01: t~ -:after the C02 steady state was reached 9 _the light~ 

-were- turned off' once more and the- specific activity found to rise again9 

to a slight-ly-lower level than that observed after the first light period. 

As a chec~ on the- instruments 9 this proced~e was repeated once more;· 

this- time9 aft-er the li-ghts were turned of'f9 the entire system was swept 

for 85 min~s by tank nitrogen (cootaining about 4 .mmo o2) through a 

NaOH bubb-ler--o- The resultant ~ar:bonate was precipitated and counted· by 

mea11s of a Geiger counter; when its specific activity was converted 

to ionization--chamber-- rm:i-~s9 it was found again to be slightly lower . ,_ 

than the preq~g ~ 'leyel; the average rate of respiration'was close ; 
-· -·..: -_ ··~~ . :;- -~_-_··-:··~~ ~ ... · .. · 

to that of the preceding dark periods .. 

This levelof specific activity in the dark was roughly inversely 

p:ropoJ:'~~on~~ ~6 ~he total light pe:riod from the time the first ~ajar 

assimilf1~~ori '?~_:radio-carbon dioxide took placeo This merely signi~ied 

that the photosynthetic intermediates were transformed into non-respirable 
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products more quickJ.y in the light than in the darko 

Dro AoA& Benson of this laboratory has shown (52) that algae 

assimilating c*o,.. in the light turn less than Oo35% of it into "Krebs 
~ . 

cyc.le respiratory intermediates 11 £> such as glutamic acid~=although these 

compounds are present inactive in considerable quantityo If9 after some 

'miriute'S':''o:f 'photosynthesis.!> the lights are"'turriea-off and th~ c*o2 swept 

out9 the radioactivity in the glutamic and isocitric acids is increased 

more than tenfoldo This shows again that the sources of respiratory 

carbon in the light differ from those in the darko 

We have usually found that after a period of intense photosynthesis 

in the presencrZ1 of plenty of co2 the dark respiration rate (C02 evolution 

and 02 absorption) is enhanced b,y factors of 2=3 or more for varying periods 

«10~200 m~nutes = see Table 6)o On the other hand~ in a couple of experi­

ments ~l~s ~I 28=1) this temporary rise did not appear; in 

these cases9 the plants had been kept in the light at the low9 steady-state 

pressure of C02 for long periods of timeo 

It is a great temptation to think of all these r~sults in terms 

of the mass action effect first suggested 'by Borodin (14); the building 

up of photosynthetic intermediates9 which become respirable in the darko 

If the plants are kept in the light with littl~ co2 for long periods9 

these intermediates are further transformed into mere stable stoiage and 

structural materials and are no longer readily available for the enhance-

ment of respirationo This reasoning m~ght lead one to expect to see ,!12 

rise in the specific activity of daTk respiration after such a long period 

. . ·~ 
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of light and low co2 (most of the latter originating from de~d9 respiratory 

carbon9 at that).. Barley 26 and Barley 28-1 whow striking examples of 

this (see Table 2 and Figures 21925*) o , 

We may summarize these results9 then9 by saying they all support 

the .point of view whi~h attributes enhanced dark respiration after a light 

period to built=up photosynthetic intermediateso 

A few photosynthetic and respiratory quotients( - d(02) ~ 
. . . d(CO ) 

computed from simultaneous 0
2 

and co2 
2 

res-

slopes pectively -~<00zl) 
d(02)) 

·are listed in Table 3 and 4o They are representative of the surprisingly 

wide variation in values we have observed in these experimentso It seems 

that the only conclusion one can safely draw is that carbon dioxide and 

oxygen changes are equivalent only when averaged over long periods, and 

quite independent at any given moment.. The loose linkage of the oxidation-

reduction systems connecting co2 and oxygen is particularly evident in 

succulent plants (Figure 22~) Bonner and Bonner (53) and others have 

shown that this is closely counected to their variable organic acid 

reservoi:t:so Th~ particularly ra~id drop of oxygen pressure at low Pc
02 

after the light is turned off may indicate that molecular oxygen can 

take the~~pla~ of carbon dioxide as oxidant of light=generated reducing 

power. 

* ,Note however~ that in Barley 28~2 (time 395) the specific activity did 
rise9 as usual; after a short time at low co2 pressure., This seems to 
elim±ns:W ~al behavior on the part of instruments or plants earlier 
in this eXperoimefttlll·t~\:::,,_~·v._. " .,· 
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.'::•. It was mentioned above that we have observed certain induction effects. 

For e.iample, in Barley '28-1 (time 140), the direct measure .of assimilation, 
d(C ~ . . . 

. • · ·. 2_, increased to a nearly steady value in about. five minutes, while 
dt 

the;co2 .slope did not reach its maximum for nearly fifteen minutes (see 

· · Figur~, 24*). In addition, in some experiments (eogo Barley 14-1, Barley 

·28.;.1) we have seen a slight net rise in Pco~ which may or may not be real. 
~ . 

:" Thlhs means that inactive C02 was being evolved most quickly for the first 

f-ew>:niinutes in the light (actually faster than in the dar~), and more S.owly 

later on**. 

The magnitude of the isotope concentration observed was rather sur-

-... v~ prising at first. The best .experiment (Barley 28, see below) gave us a value 

·or ~bout 0.83 for the ratio of assimilation rates of c14o2 and cl3o2• It 

·';is possible to derive such large differences even for a single step from a 

simple bond-vibration calculation if one assumes:~ 

1) ·the effect occurs in the breaking of a bond between the carbon 

and a lar~e mol_ecule (such aa an enzymatic co
2
-acceptor);. 

2) the zero point energies of the R-el2 and R-C14 bonds differ, but 

the ener~ levels of the "activated states" are the sameo 

3). the relative activation energies of the two complexes are the 

*** only factor involvedo · 

-------------~------------* Unfortunately'it israther diff~cult to see these effects on the small 
scale we had to use for these reproductionso 

** Compare the "gush" of CO,., observed by Emerson and co-workers (57). 
. "' 

***Recently, Bigeleisen (54) has made more ri~orous calculations in w~~ch 
he found that the amximum attainable ratio of rate constants for C -
and c14-containing species at 25oc was as great as lo5o · 

-----------------~---------
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It was mentioned above that we have observed certain,induction 

effectso For example 9 in Barley 28-1 (time 140), the direct measu;r~ o;f 
. * ' ··' 

assifuil~tiori9' ·.,.· d(G 02), i"ncreased to a nearly steady: value in about ·£{-v~· 
dt 

minutes, while the co
2 

slope did not reach its maximum for nearly fifteen ... 

minutes (see Figure 24*)o In addition, in some experiments (e.g. Barley 14-1, 

Bariey 28~1} we have seen a slight net rise in Pc02 which may ~r not be real. 

Th:ls~r.'l.e~n~ .~hat inac.tive. co2 _.'!a~ b.e~Bg _ev()~yed._mostq¢9kly _ fol' the first few 

minutes in the light {actually faster than in the dark), and more slowly lat~r 

** on o 

The magnituq~ of the isotope concentration observed was rather 
. ~~··· 

surprising at first. The best experiment (Barley 28, see below) gave us a value 

of about 0.83 for the ratio of assimilation rates of cJ4o2 and c12o2• It is 

possibleJ to derive such large di.fferences even for a single step from a 13imple 

bond=vibration calculation if one assumes: 

1) the effect occurs in the breaking of a bond between the carbon 

and a large molecule (such as an enzymatic co2-acceptor) • 

.. 2) the zero point energies o'· the· R-c12 and R-c14 _bonds differ, 

but the energy levels of the "activated states" are the sameo . 
3) The relative activation energies of the two complexes are the'ol:l.J.y 

fact()r in'\Tolvedo *** ·t 

\ . - \ - ~ '. ~ * .\Jn;fqrtunately it is rather dif.ficult to see these e.ffects onthe small· .. ' 
scale we had to use for these reproductions. .. ' ' 

**Compare the "!5lish11 of co2 observed by Emerson and co-workers (57): 

***Recently, Bigeleisen (54) has made more rigorous calculations in which · 
. he foj2d that, t~e maxi~m attainable ratio o.f rate constants for c12- _ 
and C ... conta1n1ng spec1es at 250 was as great as 1.5. . . , · . 
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It is,, of course, more likel;}" that several successive bond 

formations arid ruptures are responsible. If tbese occur in a series of 

equilibrium steps followed by a slow reaction all the isotope effects 

will be cumulative, so far as the co2-reservoir is concerned. (The 

last, slow, step would be likely to be the main contributor, sin~e it 

has 'tlo oppb'sing reaction.) 

It is interesting to no~e that the total isotope effect (as seen 

in the gas above the plants) is hence probably greater when the acceptor 

enzymes are ttsaturated11 with carbon dioxide than when the co2-pressure 

is low; with plenty of co2-exchange the plants have more choice of 

isotopic species9 as it were. 

In only one experiment, so far, (Barley 28-1) has the precis.i.on 

of the data justified a detailed kinetic analysis to show the rate of 

ulight respiration"o Unfortunately the isotope effect introduces a 

third variable (in addition to photosynthetic and respiratory rates). 

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 determined values. The function chosen VIas the time 
. . * . 

rate of change of specific activity, d/dt (c 02), or of isotopic ratio, 
'*. . ' Cffi2 

d/dt (C 0~) - depending on which of these quantities of the C0
2 

analyzer 
C02 furnishedo (See section on C02 analyzer,)e 

The same express~on 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** a (55)o 

The mass action approach merely assumes the rate of assimilation 

to be prop~rti.on~l to some power of the co2 partial pressure; · since the' -

same ~tis obtained for any power (including zero) 9 the equation ob-

tained for- the rate of change of specific activity whatever variation 

in the co2 dependence is found experimentallye 

The "Michaelis" assumptions are a little more.detailedo One con-

siders the atmospheric CO to be in rapid reversible equilibrium with an 
. 2 

(enzymatic) acceptor A& 

The complex then decomposes slowly into further products~ 

C02 ., A____::----~ pl + p 2 
slow 

The net rate is proportional to the concentration of the complex, co2.A, 

which is 9 in turn9 given by the equilibrium constant for the first 

reaction~ as well as the concentration of co
2 

and enzyme e At very high 
. -

co2 c-oncentrations, the acceptor is "saturated"~ i.e .. , essentially all 

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

does not enhance the rate., Ori the other hand, at very low C02 pressures' 

** In the latter case one has to assume that the isotope effect occurs : · .·· 
in the rate~limiting step after the equilibrium - i .. e., that the · . 
Michaelis constant is the same for the substrates cl2o

2 
and cl4o2_. 
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most of the acceptor is available for combination, and assimilation increases 

linearly with co2 pressureo The "Michaelis constantt' is the inverse of 

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

0 

It can readily be shown to be equal to the CO concentration at 
2 

which the net rate is one half the maximum rate attainable with a given 

amount of enzymeo 

We have called 

(c0o
2

} ~ partial pressure of inactive co2 

( c*o } - II II II radioactiVe CO 
2' . 2 

(C02) ~ 11 11 11 total co2 

Ro - rate of respiration in the dark 

R1r R - rate of respiration in the light 

k0~ k - photosynthetic rate 

k* -

v = v-0 

V* -

II 

II 

II 

" 
" 
II 

. 0 
constant for C 02 

II " c*o 
2 

maximum rate 

11 " 

for c0o2 

* " c 02 

(Michaelis eq.) 

( tl II ) 

U*= ~ = V* - ratio of rate constants for c*02 to C00
7

; an .isotopic 
k .\,.V . "u"Cilization·factor". 

s= c*o 2 -specific activity of the C0
2 in the gas 

c~2 
c 0 

" II II II II " s= 2 isotope ratio 
c0o 

2 
~ ... 

~J ... ' 
' .. 
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Rate-Equations from Mass Action Point of View 
. (C02 Analyzer reading C0 02 only)' . : . 

* J * d/dt(C o2 ) = R [s = kU*(C 02 ) 

d/dt(C0
2

) = R . ., k(C00
2

) ~ kU*(c*o
2

) 

. ·*. 
s . ~ (C 

0
2) = Isotopic Ratio 

. coo2 

* = d/dt(C o2 ) s 

(coo2) 

* - ~~dt(C o2 ) 

(coo2) 

sR 

. (coo2); 
(1-(s'] ) + sk{C

0
0 ) 

2 

kU* (c*o2 ) = =d/dt(c*o2) 

* . k . = d/ d t( c 021· + 

u*(c*o
2

) 

.. * 
ds = d/dt(C 02)., sR 
dt (c0 o

2
) .:;;;;(c~0o_2_) 

+ R [s] 

(1• [s]) 

. . ') 

- d/dt(c*o2) 

UJE..(coo2) 

N0 teg: The same results' 1are obtained for an n' th order reaction •. 

. ·.-·. 
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Rate Equa~ions fr·om Michaelig Point of View 
(C02 Analyzer reading C 02 only) 

d/dt(C0
2

) PS = V (C02) 
i[M + (C02) 

d/dt (C0 02 ) = - v(C
0

02) + R(l- ts] ) 
KM + (0021 

vu* (c+<o2 ) 

KM + (co2) 
+ R [s] 

- Isotopic rate 

= d/dt(c*o2)_ Rs 
(c0o

2
) ~(c....,0o-2 ) 

• d/dt(c*o2) _ 

(coo2) 

* _ d/dt(C 02) 
···. (c0 o. ).,. 

e 

(1- [s1 J + 

UCRL-590 

Note: This is the same equation as· that obtained from Mass Action 
point of viewo 
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Rate Equations from Mass Action Point of View 
· (C02 Analyzer reading Total C0

2
) 

d/dt(c*o2) = R[sJ - kU*(c*o2) 

d/dt(co
2

) = R = k{C
0
02 ); - kU*(c*o2 )) 

* S = 0 02 = Specific Activity 
C02 

=· d/dt(c*o2) _ SR + R[s] .. d/dt(c*o2) + ( 
(co2 ) Tco2 ) (co2 ) u* · · 

N0 tes This is valid for an n1 th order equation. 

Rate Equations from Michaelis Point of View 
(co2 'Analyzer reading Total co2) 

Again~ answer is same as for Mass Action Derivatives: 

·- . ': 
< •• 

UCRL-590 
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[co] - inactive respirable carbon 

~*] ... radioactive " " 
tc J - total.- " tl 

.... -

[sJ [~· :·: specific activity of respirable carbon 
(CJ · .. 

From ~l;t.e~e qua11ti~ies we have derived expre~sions for ds/dt and for dS/dt, 

the former valid if the co
2 

analyzer records only C002, the latter if it 

reads "total CO" 2 • 

We first considered the co2 analyzer as reading total·C02, took 

the data for d/dt(c*o
2
), co2, and S obtained in Barley 28, assumed various 

values for parameters U.., R and s ; and plotted ~ family of curves of dS/dt 

against time,. In addition, we graphed ,92, as obtained directly from the 
dt 

slop~ of the e~erimental "specific activity"· curve and compared it to 

the "calculated" graphs (see Figures 26,27 1 28,29). 

Figure 30 shows a sirdlar set of curves, as obtained for the. more 

0 likely case that the C02 analyzer "sees" only C 02• This time "rate of 

change of isotopic ratio" was the eXperimental graph; again, d/dt(c~o2 ), 

C0 02'. ~d, s prpvided the data for calculating ds/dt. 

The main features of the experimental curve can be represented 

only by setting ~- = .,83 .! .03 and R
1 

= 0.5 (! ~1) x t;, (where RD.is the 

respiration rate in the preceding dark period)., A finite value was as­

sumed f~r the' specific activity of respired carbon after an hour or so in 

the light; however, this factor was used gg hoc. It may be more reason• 
[ ' . '~ .-.: ;·:': ' .. .' . . . . 

able to think of R1 as a variable, decreasing from·~ 2 x RD when the 
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light is first turned on, to well below 0.5 ED after an hour or more ~ 

averaging at about the latter figure. 
: l 

'"! ·' ~ ~ ..... '. ·: . ·~,'I. .,,.~_,. ~·c-· v.,. 1 ,· .. /\ 
This- y_ariation in co2 evolution was alluded to already in connection' 

* .· with uind'\lction effects". One may consider the disappearance of C 02 to 

be directly proportional to the rate of assimilation; the curve fitting 

above9 provided a value of the isotope utilization factor to be used in 

the calculation. The difference J~. ra"t;es. o:f' .. disappearance of :fiE .isotopic 
. . 

species was then an instantaneous measlire of R
1

: 

A . third method to det~rmi~1e ~- is to extrapolate the c;urve of net. 

rate of C~ change to zero co
2 

pressure: r', 

-d/dt(C02) = k(O) + kU*(O) - R1 = - R1 . 
. . ' 

Figure 34 shows the extrapolations obtained.from the data of Barley 28-1 

and ~. They correspond to 

·,. t.' 

If one subtracts Rr. (determined by any of the above three methods) 

from the net change in co2 one gets a series of values for the rate of 

photosynthet~c gas assimilation. Plotted against co2 part~al pressure, 
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these y:i,.eld a hyperbola cl9sely app:roximating a theoretical Michaelis 
< 

curve for iM = o79.! .05 nun. co2 • Fnom this .association constant .for , . 
\ 

carboxylation, ·one can calculate a-LlF = -5.7 k. cal./mole, but the sig-

nif:io.anc~ .of this figure cannot as yet be judged. 

~ "· It was mentioned in the Introduction that gas phase measurements 

alone .. c.annc)i give ·us .a true valU;e· for either .total respirS;tion or. total 

phqtosynthesis in the light, but only the fractions of gas actually ex-

changed .with thEl atmosphere above the plants. Some portion of respired 

* C02 J1111St certainly, remain. dissolved in the cells, and be re-assiJI!ilated. 

from solution. Once it is evolved into the intercellular air spaces, it 

should diffuse quickly into the main gas body where a 500 cc./min.,. wind· . ; -

provide,s excellent mixing. 

·/A part of the observed depression of .light respiration .could be · 

due to this .. elfect;; The diffusion calculations of McAlister (31) .and .of 

Linderstr8m-Lang. (56), as well as the experiments of Gabrielsen. :(11) seem 

to s!low1 h.()wevE3r, that diffusion equilibria in o~ ~ .. 1 mm. thick 'barley 

leaves are rapid enough to keep.it small compa~ed to chemical processes. 

* Gabl','j,els.en (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 g· as exchange by barley seedlings of 0 ·CO and added C :0 
2' ' 2' 2 

has been measured· in·aclosed system» with the·foliowing results1' ··"' 

1} The carbon of newly formed photosynthetic intermediates is 

not available for respiration while the light is on but becomes immediately 

respirable in th~ darko The enhancement of dark respiration after a li~ht 

period is .very probably due to the built-up 11photosynthates 11 • 

2) Photosynthesis proceeds at a measurable rate even at the lowest 

co2 pressures observed {oOJ mm.Hg). There is no evidence for a "threshold" 

concentration of carbon dioxide for the reaction. At the lowest concan-

trations reached9 respiration just equals assimilatiQn, so that a co2- . 

steady . sta. te ensues;, 

3) A curve showing the dependence of the rate of photosynthesis 

on partial pressure of co2 yields a "Michaelis Constant" of 0.79 mm.Hg; 

this corresponds to a free energy of carboxylation of -5700 cal./~ol. 

4) The mean ra·te of respiration in strong light is about ha~f 

that in the darko Re-assimilation of respir.atory carbon dioxide probably. 

accounts for part9 but not all of this effect. 

5) At low co
2 

pressures, molecular oxygen max be able to substitute 

for carbon dioxide as the oxidant of photochemically generated reducing 

agents. 

6) The assimilation of c14o2 is about 17% slower than that of eJ20~. 
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APPENDIX A 
r·;• r·· 

Construction and Operation of an 

Oxygen Polarograph 

(May - August 1947>: 

INTRODUCTION 

In the spring of 1947 it was suggested to the author that he 

de~ign a polarograph for the continuous determination of 02 in a flowing 

gas stre~m. This instrument was to be used in conjunction with others 

in the measurement of rates of photos.ynthesis and respiration; hence, a 

wide,range of co
2

, as well as of o
2 

partial pressures was to be encountered •. 
... 

A polarograph is essentially an electrolytic cell, one of whose electrodes 

is very small. When a current passes through the cell, the reactant at 

the micro-electrode becomes quickly depleted in its vicinity; h~ce, a 

diffusi·onal gradient is established across a "film" from the concentration 

of the reactant in the main body of solution to that at the micro-electrode, 

v1hich iS. essentially zero 0 The rate of oxidation or reduction at this 

electrode,. and. the resultant cell current, thus become limited to the 
1 

rate of diffusion of reactant across the film, which in turn is proportional 

to its concent.ration in the main body of fue liquid~ 

'igure 32 .shows an idealized polarogram for the reduction of 02 

(of a giv~n concentration) at the micro-cathode (58)o The first rise iri 

current is associated withfue reduction to H2o2
, then a plateau is reached, 

where the reaction is diffusion limitedo 
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Beyond this, the second rise of current indicates the further reduction 

Anywhere along the plateau, the "diffusion current" should be 

proportional to the concentration of dissolved oxygeno This has been 

found to be the case by a number of investigators, using stationary and 

rotating platinum, as well as dropping mercury nrl.cro-electrodes· (59-63). 

·An ·examination of the literature revealed the following inform.~ti.on: · 

1) No po}arograph had ever been described for the continuous oxygen 

analysis of a gas streamo 

2) The rotatingplatinum micro-electrode did not yield.the misleading· 

"maxima1' in the current-voltage curves of the dropping mercury electrode, 
·. .. . .· .. ' 

was much more sensitive than the stationary-wire electrode{due to larger 

diffusion lurrents) and responded much more qUickly than 'bb·th other ·types. 

As a result 8 it was chosen as the instrument to be used .. 

Design of Equipment 

Rotor "B" described by Laitinen and Kolthoff (58 ,63) was modified · · 

as shown in Figure 33., The "d.eaci" gas space was minimized to about 5 · ·· 

cc.,; the mercury cup and Wilson seal gave a gas tight closu~e,(whioh, 

~owever 11 could not be subjected to evacuati6n). The shaft bearing the 
. . . 

platinum wire electrode was coated w:i. th Glyptal or Ceresin wax; a,l though 

some trouble 'was experienced With pinholes in the former and cracking the 

latter insulation9 either of th~se coatings worked well if applied care-: 

fullyo A vertical stirring motor rotated the shaft at a steady 886 r.p.m • 

. .. 



-81-
\_ 

"'··;.·. · ... 
UCRL-590 

The anode cell (Figures 34,35) consisted of a quiet pool,of 
I • 

mercury ( IV1 c~2 • large enough to show .no co~centration polarization), 

covered by the "supporting electrolyte", usually 0.1 N KClo This, in 
., . . ....... ·. 

effect, constituted a 110.1 N calomel half cell", and the "applied e.m.f." - .. 

accordingly included the (steady) potential of .335 .! .005 v. (depending 
. . ' . . . 

· on:·the ·partial pressure of oxygen)~ (64}-;;· .A .. vvfre. in a·mercury well pro­

vided electrical contact to the anode_, and a sintered. glRs,s disk allowed 
. . ' ' . 

a rapid stream (.., 100 cc./min.) of fine gas bul:lbles to be pumped through 
i ·,. ' 

the cell. 

Figure 36 shows the electri.cal circuit. AG.E. recording po~en­

tiometer across a standard resistance box acted as microammeter (reading, 
. ·, .. :· ~ 

to ± 2. %). The "applied potential" was equal to tha~ ac~oss R3, ~ince _the 

drop across the potentiometer resistan9e was always small compared to that 

across the polarographic cell. This potential could be varied b~means of 

rheostats R3 and R4, in order to obtain a -~·plateau curve 11 of ce+l curr~~t. 

vs., potential. The voltage could then be held constant at some value 

within the diffusion-limited plateau re~ion 1 and the current measured. as. 

a function of dissolved oxygen concentration • 
. ~· ~.; 

.·I. ' 

",' 
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OPERATION 
·: .r·. 

FigUre 37 shows a typical "plateau curve." It rese~bles the 
·.,_,· ·t··;~. '·.: .~ .·'. ·-._.t-· ;~··_·,~·-_:' ·.·_:' i . . ~j •• •• .. __ .. ' •• .-~ -~ '--~~-~1:· ~·.;1:,,-i;.~ .. ,.,.f· !~ ;_~~--~~i;,.':·~'-f.i.~ 

plots' of tai tirien and Kol. thoif '( 63) ··but ·has a .shorter and more slanted 
_:\ 

"plateau".·· The explanation for this very probably lies in disturbed 

diffusi9n1 caused by the rapid gas bubbling. 

· Current-concentration calibrations were usually carried out in 

.1 N"KCl solution, at •.75 v. near the. c.~nt(')r of the."plateau". c;·om-
-~,.. . . - ·-. - ,·---~--- .. , ,_ .. ,·· -- ~-

mercial tank gases ("water-pumped" oxygen; "oil-pumped" nitrogen containing 

0.'5% 02; and purified helium) were metered through glass orifices, mued 

in the tubing leads, all excess discarded to the atmosphere through a 

bypass, and a constant flow of the miXture passed through the .cell. 

The .percent concentration of oxygen in the gas could be readily calculated: 

it appeared safe to assume a very rapid equilibrium of gaseous and dis-

solved oxygen (90% change iil 15 sec. - 61,63). 

Individual calibra'tion curves looked excellently linear (see Figuloe . 

38). · Although reproducibility was, at first, very poor, it improved when 

the cell was held at 0.0.! .5°C.by an ice bath; however; stirring con-
•. •• ' I<, ~ 

ditions·were still rather unstable and could not be reproduced from day to 

day. In fact, in some experiments, the curves for· increasing and de-

creasing series of 0
2 

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 02 in N2, He, or other inert gases. 

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

.. ' 
1 
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of~photusynthesi-s, which necessitated the presence of variable amounts 

of'·CO in the gas mixture.; A great number of experiments was run to 
- 2 

compare the readings of the instrument in the presence and in the ab-

sence of 4% 802 in the nitrogen. With CO results became even less 
2 

reproducible than before. It appeared reasonable that this might be 

due to changes in the pH of the electrolyteo Two methods were tried 

to overcome thise 

1) substitution of ol M H2so4 (with and without KCl), to keep 

the solution too acidic to be affected by the solution of C02; 

2) the use of a pH 5 phosphate buffer. 

Neither of these methods improved ma.tters; in both cases, slow electrode 

reactions .(such as the f~rmation of Hg~o4 at the anode and some sort of 

corrosion at the cathode) may have been responsible for variable results. 

Cleaning the platinum electrode by filing seemed to help only temporarily. 

Two other electrodes were prepared in the following fashion: 

1) Silver was plated on to the platinum wire from an Ag(CN)2-

solution (5 minutes at 3 volts, resulting in a fairly uneven layer). 

2) The silver was removed with nitric acid and a small amount of 

mercury deposited from sodium amalgam. This yielded a "rotating mercury 

micro-electroden. Neither of these cathodes was stable especially in 

the presence of co2• Recent work by v. Rysselberghe (65) has shown 

that if 02 is reduced at a dropping mercury cathode in the presence of 

co2, percarbonic acid is formed by the H202 at a half-wave potential · 

intermediate between the two oxygen waves. The percarbonate also catalyzes 
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the futther reduction of the pe~oxideo These observations may well 

explai~ the failure of this polarograph in the presence of carbon dioxide. 

By' 'this· time (Auguet 1947 )' -the· :Paul.ing 'pa~emagneti c-type o:xjgeri "'l· • 

analyze~ had become available" It possessed many advantages over the 

polarographg simplicity$ stability9 small volume9 absence of water, 

direct calibration == against the p_ol,arograph u s sole virtue of greater· 

sensitivity at low partial· pressures" Two photosynthetic experiments 
- ~: 

were carried out9 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 shown~ in addition to "wanderingn far ~bove 

and below its mean line of trend9 it also read high by many millimeters, 

although'it had been calibrated only some hours before the photosynthetic· 

run., C1early9 the Pauling Meter was far superior to the polarograph 

and it alone was used in all subsequent photosynthetic experiments • 

.1\PPENDIX B 

Self=Absorption and Backscattering Effects 

in the Measurement of Soft Beta Radiation 

The nself=Absorption11 of Org~c Materials 

By way of introduction to the use of tracer carbon9 the author 

was asked.to determine the degree of self=absorption of Carbon-14 beta 
.-' 

rays in o:r;-ganic metarialso Up to this time 9 organic compounds and tissues 

had usually ~een burned to 002 and precipitated and counted at Baco3 (42). 

A self=absorption curve had been prepared for this compound (66.) o 
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About this time it became frequently necessary to count organic 

substances as such, because, 

a) Usually the substance had to be recovered for further study, 

b) There was often too little material for adequate recovery and 

precipitation of the co
2

, 

c) Combustion was too time-consuming. 

It was expected that the self-absorption of the organic material at 

equal surface density (in mg./cm2• ) would be less serious than that of 

Baco
3

, in which the large electron cloud of the Ba++ ion should play a 

dominant role in the slowing of electrons. 

The experiments were carried out in the following 'manner: empty, 

weighed aluminum plates were mounted on a small turntablet . they were 

marked with a circle of radius 1. 91 em., within which the substance to 

be counted was spread as evenly as possible by means of pipette and 

stirring rod. A blower quickly dried the deposit (46), Figure 41. The 

.Plates were now weighed again and counted under a thin mica window 

Geiger counter, at approximately 30% geometryo 
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A sample of carboxyl=labeled phenylacetic acid (specific activity 
: .,, 

.. . ~ ! .' 

about 500 c.,/min.,/mg'") (6?) was dissolved in benzene and used ~for the 

first two runs., 
' . . '. ' ' ' ' . ~· • ( I •·, '• ~ . ' ' 'I > • 

Another portion was neutralized and deposited from . 
. .,··, 

water solution as the sodiUm salt9 and a third as the barium salt., A 

fourth was esterified with p~phenyl phenacyl bromide and the p-phenyl 

phenacyl phenylacetate deposited from alcohol. 
/ 

The results are shown in Figure 42. The .. ():t:'~inate represents the 
. . 

· .. fraction: of maximum specifict activity, normalized to unity at zero 

plate thickness for all runs. The previously known BaCo
3 

curve is also 

plotted to the same scale., Two thirigs.are immediately apparent:: 
. . ++ 

a) the wide scattering of the data (the Ba salt data were so 

bad they were not even plotted) 

b) the unquestionably steeper curves f~r all the organic substances 

tried; :indicating a far stronger hf poorly reproducible) self-absorption. 

At first this seemed puzzling9 however, a close examination of 

all organic tlplates" soon revealed the· explanation that all deposits 

were more or less granular9 with relatively large empty spaces between 

crystals., Clearly9 the effective thickness of the deposit 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 9 the 

average ~=particle 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 point~. 

From these curves9 one may conclude that crystalline deposits 
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containing c14 should have a su:rface density of less than .05 mg .• /crrf ., 

counting inert, as well as radioactiv~ materi-al; on the large disks used 

in this laboratory this amounts to 0.5 mg. per 11.5 emf. 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 105 c./min./mg.) was ~sterified 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, yielding very smooth 

and uniform l~yers of a wide range of thickness. 

The "relative specific activities as counted at 30$ geometry by a 

G·M tube and at 5~ er'ficiency in a window-less Nucleometer are recorded 

in Table 7 and plotted in Figure 43. One may consider these curves to 

represent the effective self-absorption (including scattering effects, 

see below) for.any smooth organic deposit"on an aluminum backing plate •. 
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TABLE 7 
'' 

-~ ~ ..... · C'eresin Wax _.;. p-phenyl-phenacylacetate plates·· 
. ..... '!. 

i 
f, 

I 1"'.: "1 ~·- '·. -~· ' ~ ' . ' : r J: -~ :· )r' ·· ,·r;,i n·t,~~;::g!·i. ~ .. ;r( ·~ x.·•.1.~· i'i':; :r~=-~r {.--1'-i t ·t (! ;!,<'1' 
..... . 

Geiger Counter Data .Nucleometer Data 
Plate .x If A/mg •. A ·A}rng~ 

114 . 0.8 96.3 10.39 932.2 " '100 .• 6 

115' ' 1.15 121.2 
., 

9.60 1185.3 89.·; 

ll6 ·'·i.76 216.2 6.81 1777.8 . 56.0 

118 7.99 339.4 3.,70 2555~8 27.9 

113: 
,. 

'9J~7 354.7 .• 3.l2 26/t-7 23.7 
.. ,. 

117 1.71 ' 172;6 8.76 1428.9 72.5 
.. 

111 0.345' 42.5 10.71 393.6 99.1 

110 0 • .352 49.7 12.24' 423 104.2 

112 2.21 184.8 7.27 1595 
,, 

62.7 

106 0.207 21.7 9.08 228.2 95.5 

107 o:637 '27 .3. 3.72' 249~8' 34.0 

125 14.64 357.2 " 2.12 

126 13.62 350.2 2.23 

124 16.95 362.8 1.855 2528.2 12.9 

120 2.12 187.1 7.65 1560.5 63.8 

128 3.01 219.4 6.35 

123 6.14 312.8 4.43 2472.3 35.0 

199 6.02 302.5 4.37 

\198 11.04 309.7 2.44 

121 17.6 417.2 2.o6 3428.3 16.9 

103 1.07 . 111 .. 4 9.02 1137.3 92.2 
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TABlE 7 (cont.) 

Plate X A A/mg. 
129 0.725 72.1 8.64 

201 . 1 .• C11 286.5 3.51 

133 4.84 282 5.05 

134 4.63 278.8 5.23 

136 3.68 222.9 5.26 

139 3.89 260.8 5.83 

137"· 4.27 226.8 4.62 

127 2.99 207;.7 6.04 

132 . 3.76 248.5 5.74 

Note: X= surface density in mg./cm2• 

A· = total counts/minute on plate 

A/mg.·= specific activity in cts./min./mg • . 

UCRL-590 
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The Relation of Backscattering to Self=Absprption 

,. 

~t.about this time» Dro Peter Eo Yankwich of this laboratory* 

becam~ interested in the scattering of ~~particles by various substances• 
~·t·}·.l.,_~·.. '',~\;· .. , ·t> ~-~)1- ,'~ ~. •' ,: ~~·~ 

It WeS decided to <eompare the .!J~ic:at;:t.e;rJ-pg from a''varietl1of backing''. . 

materials with the ~attering of the electrons by the radioactive 

deposits themselveso ** . 

The enhancement of observahle activity caused by_ reflection 

processes is said to be due to V'IP8:~.ksc"~t:t;er:i,ng.n!\ .~h.~_.;i,;ni!r.;®i.:c.,~9t~y~·~'---·, .. · 
. -~ "·' . -:~-~ ...... ~"".,..;.··.:•,•·-~·}'\..-,,; ~·.:'.-··,;-· . . ~~----.,·.;,,-:_..l,...r.< •. -- ..... ~ "':.>" ••h, ... •J:...•.-r;o.; .. •. ~-~-~;•_._,,.,,,,·.;-~·-····r.:.t;t····-"_., .•.. ~•~·-<'--•,. .. '"'"" ~··•-·• ,,_ ;,• 

of a thin sample is increased by "exterior reflection" from.the sample . \ 

mount' that of a thick sample is further raised by."interior reflection"' 

due to multiple scattering processes taking place within the.sample 

itself o The latter effect is always observed as·.1part of self-i;\bsorption 
... ··:~; 

and therefore one compensates for it automatically when self-absorption 

' . 
corrections are derived from data obtained experimentally under condi-

tions identi'cal with t:r.ose used in routine countingo 

Beta radiations subjected to interior reflection can be divided 

arbi tra;rily -~~t_o.}wo. groups~- --La) .....• some ,par.ticJ~~.s.")Which".start .. ·.to:ward- ·. 

the counter are deflected away from the sensitive volume; (b) others 

start qway from the detector but are reflected back into the counter 

from some point in the sampleo These two processes differ only in dir-

ectiono Deflection has always been measured as part of the complex 

* Present address8 Department of Chemistrys University of Illinois, 
Urbana» Illinoiso 

** The remainder of this section is quoted from 11Relation of Back­
scattering tf:> Self=Absorption in Routine Beta=Ray Measurementso"(70). • 
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beta-ray absorption p~enomenon; reflect.ion, on the other hand; effectively 

adds more particles. to the. measurable flux and thus. enhances the observed 

activi:ty. At.the surface of a thick sample the enhancement of the activity 
( i. 

is due entirely to internal reflection, since deflection is negligible' 

in the .short air path between sample and counter. It can be shown that 

in deeper-lyi~g layers of the sample this net enhancement is maintained 

despite the increasing importance of deflection processes.· 

· The· magnitude 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 

tp.eir s~tomic numbers and ltth inrlreasing beta-particle energy. . The activity 

increase due to the mount is kept small by using backings which contain 

. only the lighter elements, such as paper, Cellophane, Nylon, etc. (Accu,rat~. 
'-.!, • ·, 

determinations ?f backscattering fac"tx:>rs as functions 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·.; · 
,. .. .. . -

detection system, increasing with increasing geometric efficiency)~ In · .. · ., ·.: 

order to gain information on the effect of backscattering upon self.-absorp..: 

tion data, SOI!19, experiments were performed which were designed to yield 
'I ";,.. 

information concerning the relative backscattering powers of a number of 
' ' 

substances at two different detection geometries~ 

A 4 J,Lg. sample of c14 active barium carbonate was mounteQ. over 
'~ c- • '• ' . . . • 

an ar~a of 0.040 cm2• in the center of a .pla·stic film circle. 20 ·em .. 
' .;. . ' . . - . ' 

in diam.eter and. 0 .• 07 mg,./cm2. thick; the sample. layer was no.t heavier. 

2 
than 0.15 mg./em • The aluminum equivalent thickness of the counter 
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window and air path was '3.4 mg./cm2 • at the lower geometry (12%}· and· 

·2.3·mg./~m~.::lit the.·highe'r·· (36%} •. The sampl~·wasrtif~·t :.co~ted o~er 

to Wi1ih~n0.p5.mmo of the back'of ·the'.'safuple ;spot and thea:ltivity again· 

measur~d.· :.,TPis ·:enhanced' activity, divided. by that first observed, is 7
:"; · 

taken as being equal to the backscattering factor of the .substance in · 

the thick l;>~cking·layer at the geometric.efficiency.with which detec,o. 

tion was carried-out. 'I'he data.are ·collected in Table 8. 

TABLES 

Ba,ckscattering <;>f c14 Beta-Particles 
'•· I 

Relative observed 
Scatterer · 12% geometry 

activity 
30% geometry· 

Air !; 1.oo 1.oo ·.' 

Platinum .. 1.43 + 0.02 - 1•51 + . 0~02~ -
Barium· ·carbonate '1.30 + .01 - 1.35 .! . .01 •' 

... 
Glass .. 1.16 + .. 01 - 1.17 .! · .Ol 

Aluminum· 1.;15 + .. ol 
I - 1~16 + .01*·** 

·-~ 

Paper (unsized) ~ '1.,04 + -
Wax (artific:i,al~ceresin) 1.,05. + -
* Compare with L.D. Norris and M.G. lngram (68). 

** Compare with J .R. Hogness1 ~ .. . (69). 

.. 015' 1.07 . .! 

.015 1.07 .! 

From these data it is possibre to make certain ··statements about 

.015 

.,015 

. .-, 

interior reflection in samples· of various thicknessesc. ·consider, t:irst, 

a sample of radi0active barium: carbonate inount·ed on 'aluminum' and counted . ... 
' ' ' 

'_-,;::. ' 
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at 36% geometryo If cirie envisions the, sample as made up-of many thin 

layers, it is apparent that the observed activity of the first ia~ina 

(counting from the in~tmt) is 1.,16 times the intrinsic activity,becaus€) 

the aluminum mount contributes an additional-radiation flux to the 

measurement by exterior reflection. The activit,y observable from 

the next lamina is increased by slightly more than 1.16, for although 

few<>'~" 'l"adia+;rml'l ~an reach the backingil they are more powerfully reflect-. . 

ed from the first barium carbonate lamina. Thus~ as the sample thickness 

is increaseds. the activity ,rises from 1.16 to 1.35 times that .observed 

when all reflection effects are neglected. If samples of active wax 

were useds the activity observable would fall from 1.16 to l.Oi times 

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 penetration thickness of ci4 beta-particles is about 28 mg/cm2; 

yet the reflection effects reach 80% of their maximum at a sample thick­

ness of 6 mg./cm2• and 97% at 12 mg./cm2• 

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 aluminum9 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 

materi~l~ wi.11 be reiated to each. other by the quotient ·of the proper 
• • •, . t . ... ~ • ' . • :. •• ". "· ' '. .,. • . •• - .. - • ~ ~ .• 

reflection coefficients. The value predicted is 1.35 t o.bl/1.07 t 

o.ol5 = 1.26 ~ 0.{)2; that observed i.s 1.27. 

SUMMARY 

Backscattering appreciably raises the observed p-activity from 

. .14 
the thick samples containing C • This effect must be subtracted if one 

wishes to determine the true self-absorption within the samples. The 

.true self-absorption of carbon-radioactive organic materials is the same 
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Crossection of Large Ionization Chamber and Electrometer 
(after Jann~ and MQyer, 26) 
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----------------Thin-window Geiger counter at so% geometry 

Nucleometer at 5~ efficiency 
----------------·----------- * In each case, upper curve is fo.r BaC 03, lower curve for wax. 
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Figura 44 

Self-absorption correction curves for barium carbonate and wax samples 
mounted onaluminum, as functions of sample thickness. (Data obtained at 
.30~ geometzj.) J is fraction of maximum specific activity. (Same as 
dotted lines of Figure 43.) 




