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A .METHOD FOR RECYCLING RADIOACTIVE NOBLE GASES 
RJR FUNCTIONAL PUlMONARY IHAGING 

· Massoud Forouzan-Rad 

Doctor of Philosophy 

ABSTRACT 

Nuclear Engineering 

A theoretical treatment of the dynamic adsorption and desorption 

processes in the adsorption column is developed. The results of this 

1 · d · h h. · · f 133x · · ana ys1s are compare W1t t e space-t1me measurements o e act1v1ty 

distribution in a charcoal column, when trace amounts of this gas in 

exponentially decreasing concentration~ are fed into the column. 

Based on these investigations, a recycling apparatus is designed 

f · h · · · 11 127x · d. f 1 or use W1 t xenon 1sotopes , espec1a y e, 1n stu 1es o pu monary 

function. The apparatus takes advantage of the high adsorbability of 

activated coconut charcoal for xenon a low temperature (-78°C) in order 

to trap the radioactive xenon gas that is exhaled during each ventila

tion-perfusion study. The trapped xenon is then recovered by passing 

low-pressure steam through the charcoal column. It is found that steam 

removes xenon from the surface of the charcoal more effectively tha11 

does heating and evacuation of the charcoal bed. As a result, an 

average xenon recovery of 96% has been achieved. Improved design 

parameters are discussed. 

VII 



A mathematical model is described that introduces a new relation

ship between the disappearance rate constant and the functional air exchange 

for any region in the lung by taking the motion of the respiratory cycle 

into· account. The results of this approach were incorporated in computer 

programs that may be used in data processing systems to provide an analysis 

of the morphology and dynamics of the ltmg ventilation and perfusion in 

a great ntunber. of regions in the lung. The recycling apparatus would 

facilitate the use of 127xe, which has more favorable physical characteris

tics than has the more conunonly used 13~e. Use of this model and the 

apparatus would improve the quantitation of ventilation and perfusion 

defects because of the high resolution and detection efficiency obtained 

with 127xe. 

VIII 
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INTRODUCTION 

The first investigations involving radionuclides for the study 

of regional distribution of ventilation were undertaken by Knipping 

et al. in 1953 at the University Clinic of Cologne [1]. After pre

liminary experiments with volatile 1311 labeled alkyl iodides, these 

investigators developed a technique in which patients inhaled 133xe. 

The accumulation of radioactivity in various regions of the lung was 

measured with external cmmters [2, 3]. This procedure enabled the 

detection of regional differences in ventilation caused by local disease. 

Regional blood flow was first measured with 150 at Harrnnersrnith Hospital 

in London [ 4]. When 150 is inhaled in the form of carbon dioxide, 

the rate at which it is removed from a region of the lung during a 

short breath-holding period is a measure of local blood. flow [5,6]. 

However, the use of 15o is impractical because its very short half

life, two minutes, would require that the clinical laboratory be ad-

j acent to a source-producing cyclotron. Several later investigations', 
l 

beginning with Ball et al. [7] at the Royal Victoria Hospital in Montreal, 
.. 133 

demonstrated that · Xe may be used for studies of regional ventilation 

as well as regional lung volume and regional perfusion [8,9]. 

In addition to these gases, radionuclides in a nongaseous state 

have been used for determining regional pulmonary perfusion [10-23]. 

The first agent used was macroaggregated human serum albumin labeled 

with either 1311 or 51cr [11-13]. The short-lived radionuclides 113min 

1 
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[14] and 99mrc were used subsequently, either incorporated in inorganic 

salts such as iron hydroxide, or bound to microspheres made of htunan 

senun albumin [15-23]. This method is widely used for detecting re

gional disturbances of pulmonary arterial blood flow, as in the diagnosis 

of pulmonary embolism. 

Early radionuclide studies of regional pulmonary perfusion and 

ventilation provided useful physiological information and the potential 

clinical usefulness of this approach was quickly appreciated. However, 

the radioactivity detectors used for these studies consisted of several 

individual scintillation probes positioned over the chest, which pro

vided only limited anatomical detail within the lungs. Development of 

the gamma camera by H.O. Anger [14] has recently renewed interest in 

the use of radioactive gases for determination of regional ventilation 

in patients [25,26]. These cameras offer better spatial reoslution 

than multiprobe systems and, when fitted with a diverging collimator, 

can view both lungs. They have an additional advantage in that they 

provide serial images during the uptake and clearance phases of xenon 

in the lungs. 

Images of the distribution of gamma radiation may also be dis

played in a digital matrix after accumulation in a multichannel analyzer, 

or in a digital computer, or after storage on a magnetic tape or disc 

[27-34]. A number of systems are now commercially available to provide 

this sort of data collection and processing [35-39]. In addition, small 

computers have been interfaced successfully with the Anger scintillation 

camera, so that the flexibility of a computer is immediately available 

for data processing. 

• 
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One area where data processing systems may be usefully apvlied 

is in the evaluation of pulmonary function. By using the gamma camera 

coupled to a suitable data handling system, numerical indication of · 

either ventilation or perfusion can be obtained. Of considerable interest 

is the ability of some of these systems to present "functional images" 

of regional gas exchange, regional blood flow per unit of lung volume, 

or ventilation-perfusion ratios. In such an image, in which regional 

rate constants are used, the functional relationships of the lung during 

the dynamic process are presented by a· single display. This display 

provides in a readily assimilated form an indication of the way in which 

various parts of the lung are working in comparison to each other. 

Several methods have been reported that describe quantitative 

evaluation of the ventilation and perfusion distribution in the human 

lung and which use the scintillation camera and a data processing system 

[40-51]. In all these methods it is assumed that regional ventilation 

or the fraction of air exchangedisequal to the clearance rate constant 

during washout of 133xe from the corresponding site. In this presenta-

tion, taking the respiratory cycle into account, a model is described 

tha.t introduces a new relationship between the disappearance rate constant 

and the fractional air exchange for any region in the lung.. Results 

of this -approach were incorporated in computer programs that may be 

used in data processing systems to provide simultaneous morphologic 

and dynamic exploration of lung ventilation and perfusion for hundred 

regions in the l~ng. 

The qualities of short biological half-life, inert.character, 

and low solubility make noble gases almost ideal for pulmonary function 
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studies. Xenon-133 is still the most widely used radioactive noble gas, 

largely because it is the only gas now generally available with suitable / 

physical characteristics. However, this radionuclide is not ideal for 

use with the scintillation camera because of the low abundance and energy 

of its ganuna rays. 

Xenon-127, which has more favorable physical characteristics, has 

recently become available. The photons of 127xe are more abundant and in 

a more appropriate range for providing resolution and efficient detection. 

C 1 127x h d · · · · h · · 1 · onsequent y, e, wen use 1n conJunCtlon w1t a sc1nt1l at1on camera 

and computer interface, allows better quantitation of ventilation and 

perfusion defects. The half-life of 127xe is 36.4 days, or approximately 

seven times that o:f 133xe. The longer physical life of 127xe does not 

increase the radiation dosage, which is governed by the short biological 

half-life. It is, however, an asset in terms of extended shelf life, and 

offers the potential for recycling. In addition, this isotope is suitable 

for measuring cerebral blood flow and flow to other organs. 

A major problem in the clinical usage of radioactive inert gases 

arises from the fact that release of these gases can create problems. 

Therefore, engineering safeguards must be provided to adequately maintain 

predetermined emission standards. To reduce the release of radioactive 

effluent, especially 127xe, an experimental and theoretical design study 

of a recycling apparatus was undertaken, and is described in the major 

portion of the following text. 

,_ 
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CHAPTER I. 

· RADIOACTIVE INERT GASES IN PUI..MJNARY FUNCTION STIIDIES 

I -1 . A Review of Radioactive Inert Gases Used In Pulmonary Flmction 
Studies · 

The radioactive noble gases are used principally in nuclear 

medicine to assess regions of decreased ventilation and perfusion in 

the lungs as well as regional blood flow in other areas. These gases 

provide a method for studying regional lung function which gives infor

mation that cannot be obtained in other ways. A partial list of the 

potentially useful, radioactive inert gases, with their iinportant physi-

cal properties, is given in Table I-1. 

General availability has made 133xe the most commonly used radio

nuclide for ventilation studies. Xenon-133 is a fission product that 

results from neutron bombardment of 235u. The physical half-life of 

133xe is 5.27 days, and it decays by emission of a beta ray (EBmax = 347 keV) 

to the isomeric state of 133ce. This decay is followed either by emis-

sion of an 81-keV photon or an internal conversion electron; the latter 

is followed by the emission of K characteristic radiation of 31 keV . 

[53]. The decay scheme of 133xe is shown in Fig. I -1. 

Rad o 0 133 h fo d 0 h 0 0 0 1oact1ve Xe was t e 1rst gas use 1n t e 1nvest1gat1on 

of regional lung function [54]. As many as 16 Geiger-Muller tubes were 

placed over the dorsal thorax, and the external counting rate was 

5 



Table I-1. Partial list of radioactive inert gases used for 
lung function studies. 

Principal gannna Other modes of Isotope Half-life emission (keV) decay (intensity %) 

133Xe 5.27 day 81 (35%) S(E
8 

= 100 keV) 

135Xe 9.13 hr 250 (91%) S(E
8 

= 500 keV) .· 

127Xe 36.40 day 375 (20%) electron capture 

203 (65%) 

172 (22%) 

8lmKr 13.00 sec 190 (65%) S(E
8 

= 270 keV) 

6 
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recorded over multiple areas of the chest during breathing of air con-

. . 133 Th 1 f h . . . . 1" . d h ta1n1ng Xe. eva ue o t ese 1nvest1gat1ons was . 1m1te , owever, 

as only the distribution of ventilation was studied. Several later 

investigations showed that 133xe could be used for studies of regional 

ventilation as well as for regional perfusion [7]. In the original 

method [7] six stationary scintillation col.IDters fitted with cylindrical 

collimators were positioned over the back of the thorax. Regional 

ventilation was determined by comparing the counting rate over the ll.IDg 

after a single breath to the equilibrium counting rate when the isotope 

was uniformly dispersed throughout the lung. An equilibrium count was 

used as a relative index of the aerated ll.IDg volume, and the distribution 

of ventilation was expressed by static indices based on the distribution 

during breath holding after a tidal breath and after a maximal inspiration. 

Since the static index was calculated from the ratio of two external 

counting rates, it was independent of lung volume seen by the counter, 

of col.IDter sensitivity, or of chest wall radiation absorption. \Vhen 

most of the ventilated xenon had been washed out of the lung, a known 

amount of xenon (1 to 3 mCi) was injected rapidly into a peripheral 

vein and perfusion was determined during breath holding at maximal 

inspiration. The distribution index for perfusion \'las calculated 

similarly to the distribution index for ventilation. 

The analysis of wash-out curves is a later method suggested 

for evaluation of poorly ventilated areas [55]. An assembly of scin-

tillation probes or a gamma-ray camera is placed against the posterior 

of the subject, who is in either the upright or supine position. The 

subject is connected to a closed-circuit spirometer containing approximately 
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1 mCi/liter of radioactive xenon gas. He breathes continuously for a 

few minutes until xenon becomes w1iformly distributed throughout his 

lung. When equilibrium is reached, the coUn.t rate over regions of the 

chest are followed during the wash-out of 133xe while the subject breathes 

room air. The wash-out curves are analyzed into exponential components, 

whose slopes give some indication of the ventilation rates for the dif-

. ferent populations of alveoli in the region being examined . 

. ·An alternate approach used for the assessment of regional ventila

tion was to determine the rate at which 133xe appeared during rebreathing 

f.,,'9f xenon 1n a closed circuit system [8]. This determination is based 

on the time required to reach 90% of the equilibrium counting rate in 

the wash-in curve, expressed as a percentage of the calculated time, 

assuming uniform ~istribution. 

The other xenon isotope used for assessment of regional ventila-

. d f · 135x [26] I · ·d · d f f. · f 235u t1on an per us1on was . e . t lS pro uce rom 1ss1on o . 

in the reactor, and has a relatively short physical half-life of9.13 hr. 

Its decay scheme is shown in Fig. I-2. Xenon-135 decays by emitting 

two groups of beta rays to the excited states of 135cr. Emission of 

the first group of beta rays (ES
1 

= 910 keV, 97%) is followed by emis

sion of 250 keVgamma rays. The second group of beta rays (E
132 

= 930 keV, 

3%) decays by emitting 610-keV gamma rays. Xenon-135 is a particularly 

useful isotope because it emits essentially monoenergetic, 250-keV 

gamma rays. In addition, because a photon is emitted in 95% of the 

decays, 135xe has a high gamma-to-beta ratio. TI1e use of 135xe for 

qu;mtitative and topographical evaluation of ventilation and perfusion 

distribution 1n the human lung has been investigated in four normal 

subjects [26]. 
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127 Recently, the usefulness of a new xenon isotope, Xe, has been 

investigated for lung imaging studies [56]. This xenon isotope has more 

favorable physical properties than 133xe and is a more suitable radio-

nuclide for imaging with a gamma camera. Xenon-127 decays by electron 

capture to the excited states of 1271 with a half-life of 36.4 days. 

TI1e energies and intensities of gamma radiation emitted by these excited 

133 127 . . states are summarized in Table I-2. Compared to Xe, Xe has a h1gher 

photon yield per millicurie, better photon energy for imaging with the 

Anger scintillation camera, lower radiation dose to the patient per useful 

photon detected, and longer shelf life. The longer physical half-life 

of 127xe is a substantial practical advantage because the biological 

half-life of xenon in the hmgs is short. Figure I-3 shows the decay 
127 . 

scheme of Xe. 

Krypton is the other noble gas used for lung function studies. 

8lm Generator-produced Kr has been investigated as a potential isotope 

for pulmonary perfusion and ventilation studies [57,58]. Krypton-31m 

(T-1/2 81 = 13 sec) is milked from its cyclotron-produced parent, Rb 

(T-1/2 4. 7 hr). It decays by 'isomeric emission of 190-keV gamma rays 

(65%) to 81Kr (T-1/2 = 2.1 x 105 yr), which then decays by electron capture 

to stable 81Br. Although BlmKr has an ideal gamma~ray energy for imaging 

with the Anger scintillation camera, its short half-life limits the type 

of study that can be performed. Other isotopes of the inert krypton, 

such as 85Kr (T-1/2 = 10.76 yr) that is a weak beta emitter (E
8 

= . max 

0.67 MeV), have been used for assessment of regional blood flow. The 

unsuitable physical characteristics of these isotopes have discouraged 

investiagtions of them as tracers for hm.g function studies. 
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T b1 I 2 Ph . . f 127x a e - . oton em1sslons o 54 e. 

Energy (keV) Intensity (%) 

375 20.0 

203 65.0 

. 172 22.0 

145 4.2 

58 1.4 
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I-2. Production and Availability of Xenon Isotopes 

The most convenient and inexpensive method of producing radio-

isotopes is by bombardment of a suitable target with neutrons inside 

a nuclear reactor. Practically all medically important ratioisotopes 

are produced in this way; however some target materials must be born-

barded with positively charged particles in a cyclotron . 

. Xenon-133 is now extensively used for the measurement of regional 

ventilation and blood flmv because it is readily available and has 

reasonably useful physical characteristics. As a radiopharmaceutical, 

133xe mixed with air or dissolved in sterile saline is available from 

several commercial suppliers. Although the convenience of having it 

delivered in this form is considerable, the cost is high. As a radio-

h . 1 133 . d.l d . . 1 b . d f 0 k c em1ca , Xe gas 1s rea 1 y an 1nexpens1ve y o ta1ne rom a 

Ridge National Laboratory [59]. It is supplied as a gas either sealed 

in glass ampules or in metallic cylinders at low pressure and high 

specific activity. Techniques have therefore been developed by many 

laboratories for handling curie quantities of this radioisotope and 

for dispensing individual doses as gas and in saline for administration 

to the patient [60-68]. 

Xenon-133 is produced in reactors and obtained through recovery 

of fission products. At Oak Ridge National Laboratory [69], 133xe is 

produced by irradiating aluminum clad fuel cylinders composed of 5 g 

of 93% 235u alloyed with 31 g of aluminum. When the aluminum is dis

solved, the released 133xe is trapped and purified. The radiochemical 

purity obtained is greater than 99%; trace quantities of the atmospheric 

sse 132s d 13lmv Th 235u f. . d t gases, r, e, an Ae are present. e 1ss1on-pro uc 
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decay chain that leads to 133xe is g1ven 1n Fi'g~ I-4. Direct fission 

yields and physical half-lives are listed below each nuclide. Thennal-

f · · f 235u · ld · 6 62° 133 neutron 1ss1on o y1e s . :o Xe. 

Xenon-135 is superior to 133xe because it emits 250-keV photons 

which, although not strongly absorbed in body tissues, are easily de-

tected in the thin scintillation ·crystal of the gannna camera. However, 

135xe is not readily available because of its short 9.13-hr half-life. 

Xenon-135 is produced through fission of 235u in the reactor. The fis- ' 

. d h . f 235 f. . 1 d. 135x . . s1on-pro uct c a1n rom U 1ss1on ea 1ng to e lS g1ven in Fig. 

I-5. Thermal-neutron fission of 235u yields 5.9% 135xe. 

Xenon-127 has become recently available. It is being produced 

in relatively large quantities in the Brookhaven Linear Isotope Pro-

ducer [52]. Xenon-127 may be obtained by using a reactor or a cyclotron. 

The possible reactions for cyclotron production of xenon are the following: 

127I 
53 (p ,n) 127x 

54 e 

127I 
53 (d,2n) 127x 

54 e 

127I 
53 (T, 3n) 127x 

54 e 

133cs(p,2p5n) 127x 
54 e 

Iodine may be irradiated in the form of sodium or potassium iodide. 

When a 15-MeV deuteron beam with a 30 ~A current is incident to a Nai 

powder target, yields of approximately 150 ~Ci/~-hr were obtained [70]. 

Bombardment of the Nai target by a beam of 15-MeV protons has yielded 
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60 to 80 ~Ci/~-hr [56]. The Brookhaven Linac Isotope Producer, with 

a time-averaged beam current of - 180 ~' yields 15 Ci of 127xe during 

720 hr of photon bombardment (- 100 to 200 MeV) of a cesium chloride 

target [52]. 

I-3. Handling of Xenon-133 

Xenon-133 is used clinically for an increasing variety of lung 

function tests, as well as for circulation studies. Techniques have 

therefore been developed by many laboratories for handling curie quan

tities of these radioisotopes and for dispensing individual doses as 

gas and in saline. 

There are some important factors to take into account when 

manipulating 133xe. This isotope is highly soluble in oils, greases, 

rubbers, and a variety of plastics. A specimen of Buna-N-Nitrile placed 

in xenon solution for 24 hr absorbed 19% of the radioactivity; the 

quantity absorbed by a similar specimen of Viton was four times less 

[63]. When a bolus of xenon was injected through Teflon, polyethylene, 

and polyethru1e catheters, the uptake was found to be 0.5 to 2.0 percent. 

Depending upon the duration of contact with the plastic disposable 

syringes, 5 to 50 percent of the 133xe was found to be absorbed. There

fore, only glass syringes, which take up less than 1% of the xenon, 

should be used for dispensing this solution, and the use of lubricants 

such as paraffin or silicon should be avoided. Another consideration 

is that the partition ratio between air and \vater exceeds 10:1 for xenon. 

For example, in a 15-cm3 vial containing 10 cm3 of saline solution, 
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,more than 90% of the 133xe will be in the gas phase and not available 

for injection. As a result, it is necessary to avoid the introduction 

of air bubbles during the preparation and use of such solutions. 

l-'4. Radiation Dosimetry of Xenon Isotopes 

Administration of millicurie amotmts of radioactive inert gases 

such as xenon to patients results in just millirads of tissue radiation 

exposure. This remarkably low exposure per tmit of radioactivity is 

due to the very rapid and effective elimination of the gases by the 

ltmg and the low solubility of the gases in body tissues. The solu

bility coefficients are listed in Table I-3 [71]. In pulmonary studies 

the biological half-life of xenon is l to 10 minutes, much less than 

that of other radioactive tracers used in clinical applications. 

Estimates of the absorbed radiation does to body tissues that is as-

sociated with the use of xenon radioactive gas in the 1tmgs have been 

published [66,72]. 

The tissue radiation dose from 133xe inhaled in one minute at 

a concentration of 1 ]JCi/cm3 corresponds to intravenous injection of 

5 Co f 133 o . 1 ib" [72] m 1 o. Xe 1n an average norma su J ect . Lassen has used the 

classical equations for computing absorbed dose, 

D 
y 0.016 • I y .£

t2 

• p • g • C(t)dt 
tl 

(1-1) 

millirad, (1-2) 



Table 1-3. Solubility coefficients of 133xe. 

Tissue 

Fat 

Whole blood 

Other tissues 

ml of gas/ml of tissue 

1. 70 

0.18 

0.13 

20 
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where 13
8 

is the mean energy of the beta 1Jarticles in MeV, 

C(t) is the concentration of the isotope in rnicrocuries for 

one gram of tissue as a function of time, 

I is the gamma dose factor in r/rnCi-hr at 1 ern, y 

p is the specific gravity, and 

g is the geometric factor. 

Lassen has obtained the results summarized in Table I-4 [72]. 
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A newer technique has been recommended by the Medical Internal 

Radiation Dose (MIRD) Committee of the Society of Nuclear Medicine 

[73-75]. TI1is technique has been applied by Loken and Kush [66] to 

calculate the dose to lungs during rebreathing and.wash-out of 30 rnCi of 

133xe from a 3 l"t · t Th t hn" h 1 b d - I er spirorne er. e same ec Ique as a so een use 

to calculate the dose to body tissues during lung perfusion-ventilation 

d . f · · · · f 30 c· f 133 Th f 1 · stu Ies a ter Intravenous InJeCtion o rn I o. Xe. e o lowing 

expression was used to calculate the absorbed dose by the MIRD tech-

nique: 

D = A/rn ~ 6.¢. rads, 
. I I 
I 

where A is the cumulative activity in the source reg10n (JJCi-hr), 

rn is the mass of the organ for which the absorbed dose is 

being calculated (g), 

(1-3) 

6. is the equilibrium absorbed-dose constant for radiation of 
I 

type i (g-rads/JJCi-hr), and 

¢· is the absorbed energy fraction for the ith type of 
I 

radiation (dimensionless). 

' 



Table I-4. Radiation dose in millirads for 133Xe 
inhaled in a concentration of 1 pCi/cm 3 

for 1 min correspondin? to intravenous 
injection of 5 mCi of 33 Xe [72]. 

Tissue 8 y Total 
Dose Dose Dose 

Tracheal mucosa 95.1 1. 20 96.30 (mucus thickness 100 p) 

Lung 16.1 1. 20 17.30 

Adipose tissue (10%) 7.8 0.80 8.60 

Other tissue 0.6 0.80 1.40 

Gonads 0.6 0.33 0.96 

22 
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Loken and Kush [66] assl.IDled that an instantaneous equilibril.IDl 

of xenon gas occurs between the spirometer and the subject, wl1o has a 

tidal voll.IDle of 5 liters, a functional residual capacity of 3 liters, 

and a lung mass of 1000 g. Their results are sl.IDlmarized in Table I-5. 

A complete comparison of the dosimetry calculations of 125xe, 

127x e, and .. 133ve, as used for · 1 1 f t. t d h ~ a reg1ona pu monary unc 10n s u y, , as 

been made by Goddard and Akey [76]. Assl.IDling an exponential model for 

wash-in and wash-out of gas, they showed that the integral value for 

the specific activity-time relationship is always equal to the product 

of the original spirometer concentration and the duration of the re-

breathing period. The beta and electron doses to lungs, blood, fat, 

and gonads were calculated by using equation (1-1). The MIRD Corrnnittee 

calculation was used to determine the garrnna radiation close to different 

tissues. In their calculations they assl.IDled the following: the lung 

mass is 1000 g; the lung mean density, 3 mg/cm3; vital capacity, 5 

liters; functional residual capacity, 2 liters; mean tidal vollmle, 

1 liter; concentration of ~enon in the spirometer, 1 cm3/~ ; rebreathing 

time, 3 min. 

The dose to mucosal surfaces has been calculated for a hemi-

cylindrical aiNay, assl.IDling a 1.5-cm radius, a length of 10 em, and 

a mucus layer of 5 ~m. Table I-6 summarizes doses in millirads to 

various tissues during rebreathing-washout, single breath-washout, and 

10 mCi intravenous (I.V.) injection-washout of 125xe, 127xe, and 133xe. 

Total radiation doses received in various tissues (in millirads) from 

these isotopes used during a lung function investigation are also listed. 

Doses from 125xe and 127xe to the lung, blood, fat, and gonads differ 

by less than 10 percent. 



Table r~5. Typical radiation dose in millirads during pulmonary 
function evaluation with 133Xe [66]. 

Procedure Lung Fat (10%) Blood Other 
tissue 

VENTILATION 
i 

l B 80.5 I 

* 
I Rebreathing 

y 2.7 
I 

I 
I 

l B 42.0 
I Washout I 

I y ! 1.4 

Total dose 1126.6 . 

--

- - - - - - - - - - -. - - - --: - -· - -j - - - - - ---- ----

PERFUSION-VENTILATION"!-

First breath-hold l : 34.8 

(20 sec) 1.2 

Rebreathing to 

l : . 187.0 77.1 8.1 5.8 equilibrit.nn (120 sec) 
and second breath'-hold ' 
(20 sec) and washout 6.3 1.2 1.3 0.8 

! 

Third breath-hold 

l: 
25.2 4.9 0.5 0.4 

(20 sec) 
I and washout 0.8 0.8 - -

! 

I Total dose '255.3 84.0 9.9 7.0 
- --· -

* One minute of rebreathing from a spirometer containing 30 mCi 
of 133Xe. 

tlntravenous injection of 30 mCi of 133Xe. 
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Table I -6. Doses in millirads to various tissues for different procedures [76]. 

Isotope: LliDg Blood Fat Gonads Major :Mucosa Procedure airway 0 

133Xe: 0 

j B Reb rea thing 37.0 30.7 24.0 3.0 640.0 ~ ... 
~ ....... 

and washout ly 2.0 0.7 0.7 0.7 2.0 
c: 

·Single breath J B 29.0 1.0 8.0 1.0 260.0 ~-

and washout ~ y 1.0 0.3 0.3 0.3 1.0 
~ 

o·, 
IV injection p 38.0 82.0* 10.0 1.0 256.0 
and washout 2.0 0.4 0.4 0.3 1.0 c 

Total dose 108.0 91.0 43.0 6.0 1160.0 
t,.; 

125x 127x e or e: 125xe 127Xe "' ··--

Rebreathing 
1 ~ 9.0 0.7 6.0 0.7 130.0 71.0 0 

and washout 8.0 3.0 3.0 4.0 8.0 8.0 

Single breath ~~ 7.0 0.2 2.0 0.2 53.0 29.0 
and washout 5.0 1.0 1.0 1.0 5.0 5.0 

IV injection J B 9.0 20.0* 3.0 0.3 52.0 29.0 
and washout l y 6.0 2.0 2.0 2.0 5.0 5.0 

Total dose 45.0 35.0 16.50 7.0 250.0 150.0 

* Dose for 10 ml vollUlle. 
N 
(J1 
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Because of the different methods and assumptions employed in 

each case, the results of estimates of absorbed radiation dose vary 

to some extent. Calculations indicate that fairly large quantities 

(millicuries) of a xenon radioisotope can be administered to a patient 

without excessive radiation exposure [62,72,76]. The dose to the cells 

lining the major ain,ray is higher than that received by other tissues 

in the body. Of the three nuclides examined, 127xe gives the lowest 

radiation dose during a typical lung function study. Xenon..,l25 has 

the disadvantage that it decays to 1251. It has been calculated [76] 

h f · 1 1· · · · · 1 1 c· f 1251 t at or a typ1ca LIDg 1nvest1gat10n, approXImate y ll 1 o 

would be deposited in the body, and would result in a radiation dose 

of 1500 mrad to the thyroid gland and 4 mrad to the whole body. 

1-5. Release of Radioactive Xenon Gases 

Unless properly contained or vented, expired radioactive xenon 

can be a source of radiation exposure. The usual disposal method is 

to exhaust the xenon gas to the atmosphere through the ventilation 

system. 

The United States Nuclear Regulatory Commission, 10 CFR 20 [77], 

has set the following limits on the maximum concentrations of radio-

active xenon gas that are permitted to be dispersed into the atmosphere 

through a stack, pipe, or similar structure (these concentrations are 

averaged over a one-year period): 

... 
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Isotopes 

13lmx 
54 e 

133x 
· 54 e 

135v 
54Ae 

Other xenon isotopes 
with half-life greater 

than 2 .hr 

l a 1 

~1aximtnll Concentrations in Air 
(~Ci/ml) Avera~ed Over a Year 

1 X 10-lO 
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For a nuclear medicine laboratory that releases 50.mCi of radio-

active xenon gas per week to the atmosphere, voltn11es of air contaminated 

to the above concentration levels are calculated to be 3.68 x 105 

and·· 9 133 127 . . 8 x 10 cubic meters for Xe and Xe respect1vely. Therefore, 

to minimize the atmospheric contamination caused by release of these 

isotopes, especially 127xe, it is preferable to confine and recycle 

them. 

I- 6. Methods Used for Containment of Radioactive Inert Gases 

TI1e w.idespread use of. radioactive xenon gas in clinical applica-

tions as well as in medical research has led laboratories and industries 

to develop systems for delivering and containing xenon for these studies 

[60-68, 78, 79]. There are two methods for collection and containment 

of inert gases like xenon: One is the cryogenic technique, where radio-

active gas is frozen out in a trap cooled with liquid nitrogen. The 

other method takes advantage of the high adsorbability of activated 

charcoal for xenon. 
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In the cryogenic trapping system [79], the exhaled air and radio-

active xenon from the patient pass through a chemically activated trap, 

which removes the moisture and carbon dioxide from the gas mixture. 

The remaining gas is channeled to the trapping system composed of three 

different shells: The inner shell is a baffle assembly for freezing 

xenon; the middle shell contains pressurized liquid nitrogen, and the 

outer shell is a vacuumed Dewar vessel. Xenon is frozen inside the 

1nner shell and the remaining gas mixture is pumped out with a high-

volume pump. The major difficulty with this technique is the liquifi-

cation of air in a static state which results in a dangerous condition 

where the trapped gas is allowed to return to room temperature. 

Traps containing activated charcoal as the adsorbent have been 

. . d f . d" b d" 1 11 . 133 Investigate or use In pulmonary stu Ies y Irect y co ecting Xe 

from the exhaled breath of patients [80]. The basic trap consisted of 

two cylindrical glass vessels each containing 100 g of loosely packed 

activated carbon granules. A moisture pretrap, consisting of a glass 

cylinder filled with Drierite (Caso4), was connected integrally to the 

inlet of the trap system at a flow rate of about 6 ~/min. A pulmonary 

bag was used as a damping volume to accommodate the nonuniform flow of 

exhaled air. The above setup was used to study fractional efficiency 

of xenon as a function of temperature [80]. Recently, commercial units 

containing charcoal-filled cartridges have been marketed by Atomic 

Development Corporation, Radiation-Medical Corporations, and others. 

Although various designs have been developed for a delivery and 

trapping system to be used with radioactive xenon gas in these types 

of studies, no attention has been given to the design of a recycling 
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system. The high cost of production, long half-life, and.hazardous 

release of radioactive effluents were incentives for the design of a 

1 . . b d . h . . 11 127 recyc 1ng apparatus to e use w1t xenon 1sotopes, espec1a y Xe, 

in pulmonary function studies. 
, 



II-1. 

CHAPTER II. 

1HEORETICAL TREAThtENT OF DYNAMIC ADSORPTION 

A~D DESORPTION PROCESSES 

Theory of Adsorption 

The method often proposed for removing small ammmts of radio"'" 

active nobl~ gases from large volumes of carrier gas is by adsorption 

onto solid adsorbents. It is possible to achieve large decontamina-
-

tion and volume reduction factors by using·solid adsorbents under proper 

conditions, thus reducing the problem of releasing these gases to the 

atmosphere. 

When a gas molecule impinges against any solid surface from a 

random direction it can either bounce back from the surface elastically, 

with the angle of deflection equaling the angle of incidence, or it may 

stay at the surface for a period of time and come off in a direction 

tmrelated to that from which it came. The latter is usually the case, 

the residence time depending on the type of molecule, its kinetic energy, 

and the nature and temperature of the surface. Clearly, when gas mole-

cules strike continually upon a surface and remain there for a certain 

length of time before re-evaporating we shall find a higher concentra-

tion of the gas at this surface than in the bulk of gas. This tendency 

exhibited by all solids to condense upon their surface a layer of any 

gas with which they are in contact is termed adsorption. 

30 
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The atoms or molecules constituting a solid are held together 

by different forces. Whatever the nature of the forces, an atom located 

inside the body of the solid is subjected to equal forces in all direc-

tions; whereas an atom in the plane of the surface is subjected to un.:. 

balanced forces, the inward pull being greater than the outward forces. 

This results in a tendency to decrease the surface area. Any process 

that tends to decrease the free surface energy (the product of surface 

tension and surface area) occurs spontaneously. An atom or a molecule 

of a gas adsorbed by the solid, saturates some of the unbalanced forces 

of the surface, thereby decreasing the surface tension. Tims all adsorp-

tion phenomena are spontaneous, and result in a decrease of the system's 

free energy. The process also involves loss of degrees of freedom; 

therefore there is also a decrease in entropy, and the adsorption process 

is always exothermic, regardless of the type of forces involved. 

The forces that cause adsorption are the same ones that cause 

cohesion in solids and liquids, and are responsible for the deviation 

of real gases from the laws of ideal gases. The basic forces causing 

adsorption can be divided into two groups: intermolecular or van der 

Waals, and chemical, which generally involves electron transfer between 

the solid and the gas. Depending upon which of these two forces plays 

the major role in the adsorption process, it can be classified as either 

physical adsorption (van der Waals) or chemisorption. Thus, if in the 

process of adsorption the individuality of the adsorbed molecule (ad-

sorbate) and the surface (adsorbent) are nreserved, we have physical 

adsorption. If electron transfer or sharing occurs between the adsorbate 
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and the adsorbent, or if the adsorbate breaks up into atoms or radicals 

that are bound separately, then we are presented with chemisorption. 

The number of molecules present on a surface at any one time 

depends on the number of molecules that strike the surface and the dura-

tion of their stay, "residence time." If n molecules strike a unit 

area of a surface per unit time, and remain there for an average time 

T , then we shall find 0 molecules per unit area of surface as 

0 = nT (2-1) 

where cm2 is a unit of area, the second is the unit of time, and n 

is the munber of molecules striking 1 cm2 /sec. 

By using Maxwell and Boyle-Gay Lussac equations, the following 

relation for n can be obtained [81] 

(2-2) 

where N = Avogadro nwnber, giving the number of molecules/mole, 

P = pressure in mm of Hg, 

M molecular weight, 

T absolute temperature, °K 

R = molar gas constant. 

Evaluation of this expression by using the known figures gives 

n 
3.52 X 1022 

X p 

v'MT 
(2-3) 

The residence time T is greatly dependent on temperature. 

Theoretically, from the Frenkel equation [81,82]: 

•· 

# 
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where 
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T = T eQ/RT 
0 
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is the time of oscillation of molecules in the adsorbed 

(2-4) 

state. T
0 

has a direct relation to the time of vibration of the con

stituent molecules or atoms of the adsorbing surface, and it will be 

of the same order of magnitude, namely 10-12 to l0-14 sec [83]. Q is 

the heat of adsorption, or the amount of heat that is liberated when 

the molecule changes from the gaseous to the adsorbed state. 

II-1.1 Adsorption Equilibrium 

Adsorption equilibrium is defined as when the number of mole-

cules arriving on the surface is equal· to the mnnber of molecules leaving 

the surface in the gas phase. As discussed previously, the adsorbed 

molecules exchange energy with the structural atoms of the surface, 

and provided that the time of adsorption is long enough, they will be 

in thermal equilibrium with the surface atoms. In order to leave the 

surface, the adsorbed molecule has to take up sufficient energy from 

the fluctuations of the thermal energy at the surface so that the energy 

corresponding to the normal component of its vibrations surpasses the 

holding limit. 

The amount of gas adsorbed when equilibrhnn is established at 

a given temperature and pressure is a function of the nature of the 

adsorbent and adsorbate. This includes on the one hand the physical 

structure of the adsorbent (the extent of its surface, the size, shape, 

and distribution of pores) and its chemical constitution -- and on the 
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other, the physical and chemical properties of the adsorbed gas mole

cules. -Correlation of adsorption with certain physical properties of 

adsorbed gases has revealed [84] that the most easily condensable gases 

are adsorbed in the largest quantities by a given adsorbent. A study 

of the volumes of the different gases adsorbed by a given weight of 

adsorbent at a constant temperature and pressure shows that the adsorp

tion increases as the boiling point of the gas increases. Table Il-l 

shows one study that demonstrates this [83]. 

II-1.2 Adsorption Isotherms 

For a particular gas and a unit weight of a particular adsorbent, 

the amount of gas adsorbed at equilibrium is a function of the final 

pressure and temperature only: 

a = f(p, T) (2-5) 

where a is the amount adsorbed per gram of adsorbent, p is the 

equilibrium pressure, and T is the absolute temperature. When true 

equilibrium is present it does not matter whether the initial pressure 

was higher or lower than the final pressure. At any specific final 

pressure, the amount of gas adsorbed is always the same. This is also 

true with respect to temperature. lJsually either the pressure or tem

perature alone is varied, while the other is kep~ constant. vVhen the 

pressure of the gas is varied and the temperature is kept constant, the 

plot of the amount adsorbed against the pressure is called the "adsorp

tion isotherm," and the isotherm equation is 
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Table II~l. Absorption of gases by one gram 
of charcoal at l5°C [83]. 

Volume adsorbed Boiling point Gas (an3) (°C) 

COC1 2 440 8 

so2 380 - 10 

CH3Cl 277 - 24 

Nl-13 181 - 33 

H2S 99 - 62 

HCl 72 - 83 

N20 54 - 90 

C2H2 49 - 84 

co2 48 - 78 

CH4 16 - 164 

co 9 - 190 

02 8 - 182 

N2 8 - 195 

Hz 5 - 252 

35 
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a = f(p) , when T = constant (2-6) 

This is the most frequently determined experimental relation in the 

field of adsorption. Isotherms of xenon and krypton gases on charcoal 

are shown in Fig. II-1 [85]. Inserting the generalized value for n 

from equation (2-2) and values for T from equation (2-4) into equation 

( 2 -1}, we get 

eQ/RT 
To 

For constant temperature, because the adsorbent and the adsorbate are 

(2-7) 

defined, M and T are constant. Thus we arrive at the simplest form 

of the adsorption isotherm: the linear adsorption isotherm 

in which 

a = k n o. 

NT e Q/RT 

k 0 = ---::0======
y 2TrMRT 

(2-8) 

(2-9) 

Equation (2-8) shows that the amount of gas adsorbed will.be directly. 

proportional to the pressure. Since the adsorption process is always 

exothermic, the amount adsorbed at equilibrium always decreases with .in

creasing temperature. Fig. II-1 shows that this is actually the case: 

the lower the temperature the greater the adsorption. 

A number of equations have been developed to follow the actual 

detail of the adsorption equilibrium process. The oldest and still widely 

used isotherm equation is the Freundlich [86] empirical equation 
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(2-10) 

where V is the volume adsorbed per unit weight of adsorbent, p is a 

the equilibrium pressure, and K and v are constants. In general, a 

large number of experimental results in the field of van der Waal's adsorp

tion can be expressed by means of the Freundlich equation in the middle 

pressure range. Adsorption of xenon on charcoal (Fig. II-1) is one of 

the examples where the Freundlich equation is obeyed. 

TI1e Freundlich equation is t~eful as an empirical formula but a 

1 better equation has been developed by Langmuir [87]. Derivation of the 

Langmuir isotherm is based on two assumotions: The first is that the 

probability of a molecule evaporating from the surface is the same whether 

or not the neighboring surface positions are occupied by other molecules. 

This is equivalent to assuming that the forces of interaction between the 

adsorbed molecules themselves are negligible. The second assturrption is 

that any molecule coming from the gas phase and striking a molecule that 

is already adsorbed on the surface is elastically reflected, so that only 

those molecules that strike the bare surface condense. This assumption 

is equivalent to the -postulation of a unimolecular layer of adsorption. 

The maximtnn amount of adsorption will be reached when the surface is covered 

with an adsorbed layer of molecules closely packed two-dimensionally, 

and no adsorption can take place upon the unimolecular adsorbed layer. 

If we denote by 0
0 

the number of adsorbed molecules per square centimeter 

of surface that would form a completely filled unimolecular layer, and 

by 0 the number of molecules which are actually adsorbed, we see that 

the number of places available for adsorption will be 0
0 

- 0 . If n 

molecules strike every square centimeter of surface each second, a frac-
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tion, ojo , will strike on molecules that are already there, and will 
0 

return to the gas phase irrnnediately. It is, therefore, 1 - (ojo
0

) 

which is available for adsorption. Equation (2-1) now modifies to 

This may be written as 

0 TIT 
0 

O = 0 + TIT 
0 

Instead of the surface concentration one may use the fraction of the 

surface covered, 

e = o/o -. nT 
0 0

0 
+ TIT 

or 

(2-11) 

(2-12) 

(2-13) 

(2-14) 

Substituting equation (2-2) for n , one obtains the Langmuir isotherm 

. equation 

where 

e = 
kp 

1 + kp 

N 
k = -;:::===-

..J 2nMRT 
X T/0 

0 

is the adsorption coefficient and a function of temperature only. 

(2-15) 

(2-16) 

The limiting form of the Langmuir isotherm at high and low pres-

sure is important. At low pressure the term kp of equation (2-15) becomes 
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small with respect to 1, and equation (2-15) reduces to 

e = kp 

Therefore, the adsorption varies linearly with pressure, as in equation 

(2-8); i.e., the Langmuir isotherm reduces to a linear isotherm at low 

pressure. In the high pressure range, the term kp becomes large with 

respect to 1, and e approaches 1; i.e., the adsorbed monolayer will be 

completed or saturated. 

The application of adsorbents for removal of radioactive inert 

gases such as xenon from a flowing gas stream involves the use of a dy

namic system. Generally the gas mixture is passed through the adsorbent 

which is used in a fixed bed. 

II-2. pynamic Adsorption Process 

In the process of dynamic adsorption, an adsorbate such as xenon 

is physically adsorbed from the carrier gas stream, air, onto the surface 

of a solid adsorbent such as activated charcoal. At every point, gas 

molecules will be desorbed from the surface at a lower rate as others 

arc being adsorbed from the gas stream. This process ~ffectively increases 

the time required for a noble gas molecule to pass through a portion of 

the adsorbed system relative to the passage time required for the carrieT 

gas molecules, and results in the creation of a concentration wave front 

in the adsorbent bed. TI1e wave front moves from the inlet end of the bed 

toward the outlet. Tilis is an unsteady state process, the xenon concentra

tion being a function not only of space but also of time. 
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Several theoretic~! treatments have been used to charactierize 

the dynamic adsorption process. Recent developments have included at-

tempts to describe an adsorber bed in terms of the number of discrete . . 

theoretical stages that it represents under a given set of operating 

conditions [88,89]. In one of the later approacher, proposed by Browning 

and Balta [89], it is assumed that a series of N theoretical chambers 

comprises the adsorber column, and that the gas flow into each chamber 

is instantly distributed and brought to adsorption equilibrium. For 

linear adsorption isotherms,'which apply at low adsorbate concentrations, 

the mass balance for the adsorbate across each of the N stages is 

(2-17) 

where g. 
1 

volume fraction of adsorbate gas phase leaving the ith stage 

at time t . 
' 

F = total gas flow rate; 

M:;:; total charcoal mass; 

N = number of theoretical equilibrium stages, 

t = time; and 

kd = dynamic adsorption coefficient. 

Solution of the series of N differential equations for a unit input 

pulse at time t = 0 , yield the following effluent concentration profile 

th for the N stage: 

(2-18) 
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By differentiating equation (2-18) with respect to time and setting the 

result equal to zero, an equation relating the number of theoretical 

plates to the time necessary to reach maximum concentration of the ad-

sorbate in the effluent is found: 

(2-19) 

This model, while predicting the distribution of the adsorbate in the 

effluent for a pulse input of noble gases, does not provide the spatial 

distribution of the concentration wave in the adsorption column. 

The most general method available for the prediction and inter-

pretation of adsorption column performance is that of Thomas [90,91]. 

He has developed, for cases of constant input rate of adsorbate, explicit 

general relations for the saturation of an initially empty adsorbent bed, 

as well as for the converse elution of a completely saturated column. 

Applying a modification of his adsorption kinetic approach to the case 

of exponential input of radioactive gas, general relations are developed 

for the adsorbed xenon concentration in a charcoal column and an air 

stream during the dynamic adsorption process. 

Il-2.1 Conservation Equations 

Consider a stream of xenon and air flowing through a bed of 

charcoal with cross sectional area A cm2 and length L em, as indi

cated in Fig. II-2. The conservation condition for a quantity of xenon 

\vhich·enters a layer of charcoal of thickness dz in time dt may be 

expressed as follows: 

I 
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(2-20) 

where cA =concentration of xenon in air stream in adsorption process, 

~Ci of xenon per cm3 of air; 

qA = concentration of adsorbed xenon in bed during adsorption 

process, ~Ci of xenon per cm3 of bed; and 

F = volumetric flow rate of gaseous mixture cm3/min . 

Equation (2-20) may be arranged to give 

A aqA 
-de =- ~t dz A F OT 

(2-Zl) 

Because cA is a function of the variables z and t , the total dif

ferential is 

(2-22) 

Taking 

dz/dt = u (2-23) 

and 

F = uAa (2-24) 

where u 1s the linear velocity through the interstices between charcoal 

particles and a is the porosity (i.e., the fraction of voids per unit 

gross volume of bed), one obtains 

(2-25) 
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which can be arranged to give 

0 (2-26) 

It is implicitly assumed in the derivation of equation (2-26) that the 

concentration of xenon in the air stream is small and that the diffusion 

in the direction of flow is negligible. 

The solution to equation (2-26) depends on the mathematical rela

tion· one assl.IDles for oqA/o t , the local rate of removal of the gas by 

charcoal; the particular mathematical form to be chosen depends on the 

mechanism of the removal process. If xenon is adsorbed reversibly, the 

equation obtained for cA depends on the character of the adsorption iso

therm. For pure physical adsorption, as described by the Langmuir equa-

tion, the isotherm becomes linear when the concentration of adsorbate 

on the adsorbing surface is sufficiently low. 

A way to introduce the time factor into the theory is to take 

explicit account of the finite rate of adsorption. AssliDling that for a 

low xenon concentration, the rate of adsorption and deson)tion is first·.., 

order with respect to the xenon gas phase and adsorbed phase, we may 

\vrite 

(2-27) 

where k1 and k2 are the rate constants in terms of which the process 

is.described, The resulting equilibril.Ull relation is 

(2-28) 
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in which k , a constant, is proportional to the slope of the adsorption 

isotherm. The mechanism represented by equation (2-27) has been called 

by Thomas [91] the case of linear kinetics. 

II-2.2 Boundary Conditions 

The solution of the differential equations (2-26) and (2-27) 

for the case of constant input concentration of adsorbate is given by 

Thomas [91] in his treatment of chromatography. This initial condition 

is a special case for the exponential input concentration of xenon into 

a bed, which is encorntered in experiments performed to determine the 

effectiveness of charcoal beds for trapping xenon gas in a high-velocity 

air stream. 

For a well-mixed single open system of volume V
0 

and inflow

outflow rate of F , containing I amount of traces such as xenon at 

zero time, the concentration, cA , of xenon leaving the pool at any time 

t is given by 

If 

I -e v 
0 

Ft 
~v 

0 

c = I/V is the concentration of tracer at time Ao o 
Ft -v 

0 

(2-29) 

t = 0 , then 

(2-30) 

and if the output of such a system flows into a charcoal adsorption column 

that is initially free of xenon, it would result in an exponential con-

centration input of xenon to the column. 

.. 



II- 2. 3 Analytical Solution 

The complete statement of the problem to be solved is 

1 aqA(z,t) 
a at 

By making the following change of variables, 

x = z/u 

y = a(t - z/u) 

equations (2-26) and (2-27) simplify to 

aqA(x,y) 
+ ay. = 0 

and equations (2-30) and (2-31) may be written·as 

= 0 

- (a~o) -( ~) 
cA (0 ,y/a) = cA

0
e = cA

0
e where x = 0 

when y = 0 

47 

(2-26) 

(2-27) 

(2-31) 

(2-32) 

(2- 33) 

(2- 34) 

(2-35) 

(2-36) 

(2-37) 
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Let 

(2- 38) 

then 

, where x = 0 

Note that equation (2-34) is the necessaD' and sufficient condition for 

the existence of a function F
1 

given by 

(2-40) 

in which dF1 is a perfect differential. In tenns of F
1 

the relations 

for the calculation of the concentrations are 

(2-41) 

apl (x,y) 
cA = - ay (2-42) 

TI1en it follows from equation (2-35) that 

(2-43) 

If we make the simplifying substitution 

F1 (x,y) = e (2·A4) 

then equation (Z-43) reduces to 

2 a <P(x,y) 
axay 

(2-45) 
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Combining equation (2-41) and (2-44) with equation (2-39), we obtain 

Solving equation (2~46) for ~(O,y), we get 

= c e Ao 

-
- c ~o e (k 2 - A.) y + ( 1 c A~ k y 

~ (0 ,y) 1\ - T/e 2 :: Gl(y) 

- A.y 

(2-46) 

(2-47) 

in the same way combination of equation (2-41) and (2-44) with equation 

(2-37) gives 

= 0 (2-48) 

Thus, solving for ~(x,O), we get 

Hx,O) 
k x k1x _ 

= ~(O,O)e 1 = e = H1(x) (2-49) 

Equations (2-47) and (2-49) define· funct~ons G1(y) and H1(x). In these 

deductions, the expression ~(0,0) has been put equal to unity so that 

cA = cAo for x = 0 and y = 0 . 

It follows that the original problem is reduced to. the solution 

of equations (2-45), (2-47), and (2-49). This system of equations may 

be further reduced to two others. Consider these two systems of equa-

tions: 

= 0 (2-50) 
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where x = 0 (2-51) 

when y = 0 (2-52) 

(2-53 

q, 2co,y) = o (2-54) 

and 

q, 2(x,O) = H1 (x) - 1 (2-55) 

It may be easily shown that the sum q,1 + q,2 satisfies equation (2-45), 

as well as equation (2-47) and (2-49); therefore <P = q,1 + q, 2 is the 

desired solution. 

The solution to the above systems may be fm.md by the method of 

the Laplace transform. Let 

then equations (2-50) and (2-51) become 

, when x = 0 

Solving equation (2-57) with the boundary condition (2-58), we get 

k1k2x 

¢1 (x,p) = Gl (p)e_P_ 

(2-56) 

(2-57) 

(2-58) 

(2-59) 

It can be shown that the -inverst transform of this expression is a con

volution of G' (y) and I0 (2 / k1 k2xy ) where I0 is the zeroth-order 

.... 
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Bessel function for·an imaginary argument, or 

(2-60) 

where 

(2-61) 

is the derivative of G1(y). 

The solution of equation (2-53) may be obtained in the same way 

by taking the transform with res~ect to x . Let 

¢2 (s ,y) = L [<~> 2 (x,y) J 
then equations (2-53) and (2-54) become 

a¢ 2 (s ,y) 
k1k2¢2Cs,y) s . ay = 

¢2Cs,O) I\ (s) 
1 = -s 

The solution to equations (2-63) and (2-64) is 

klk2y 

¢2Cs,y) = [1\(s) - ~le--s-

0 

After some manipulation, the inverse transfonn of this expression may 

be written as 

X 

o2Cx,y) = ~ H\ (n)r 0(z .Jk1k2y(x - nl)dn + r 0(z -J k1k
2
xy ) , 

where 

(2-62) 

(2-63) 

(2-64) 

(2-65) 

(2-66) 

'. ;·i. .· 
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cz-6n 

is the derivative of H1 (x). The final solution for ¢ is then 

(2-68) 

It can be easily shown that this solution satisfies equation (2-45) and 

the boundary condition equations (2-47} and (2-49). 

To compute cA(x,y) and qA(x,y), it is necessary first to compute 

the partial derivatives of F1(x,y) as shown in equations (2-41) and (2-42). 

After some manipulation with Bessel functions, the following expression 

(2-69) 
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fx H' ( ) /kJZi 
+ ln..}* (2-70) 

0 

Rather than convert-equations (2-69) and (2-70) into the original. z and 

t variables, it is generally easier to convert the experimental data 

z and t into the x and y .coordinates. 

· II-3. Dynamic Desorption Process 

During the dynamic desorption process, radioactive noble gas is 

flushed from the surface of the charcoal by passing through a stream of 

appropriate fluid l.IDder conditions that favor desorption of this gas. 

It will be shown later that steam is ~ effective fluid for removing xenon 

gas from charcoal surface. Water vapor influences the desorption of noble 

gases merely by increasing the kinetic energy of the gas molecules and 

by occupying ,the space on the surface of the charcoal. Theoretical analy

sis of this case is similar to the one in the adsorption process. By 
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using a linear kinetic approach, general relations for the xenon concen-

tration in the effluent and ~n the adsorbed phase are developed for cases 

of elution of arbitrary and Gaussian xenon distributions in the charcoal 

bed. The Gaussian distribution was chosen because it best fitted the 

experimental xenon distribution found in charcoal coltnm1s at the end of 

the adsorption process. 

II-3.1 Solution for an Arbitrary Xenon Distribution on Charcoal 

Consider the same charcoal column having an arbitrary distri

bution of xenon, q
0 

(z) , adsorbed on it at equilibritnn. Suppose this 

column is purged with steam folwing with a linear velocity u em sec-1. . s 

TI1e conservation equation (2-26) relating the concentration of xenon in 

the gas phase to the adsorbed phase is valid in this case, as is the 

kinetic equation (2-27) with different rate constants. TI1us we get the 

solution to the following set of equations 

with the following boundary conditions 

= 0 

= q (z) 
0 

at z = 0 

= 0 (2-71) 

(2-72) 

(2-73) 

(2-74) 

must be obtained. TI1e subscript D indicates the concentration during 
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the desorption process. 11 and 12 are the new rate constants for the 

case of column elution by steam . 

We proceed' in the solution, as in the first case (2-40), by making 

the same change of the variable. A function F2 (x,y) may be defined 

such that 

= 0 

As before, this can be reduced to 

2 
a 1/J(x,y) - 1 1 '''(X y) = 0 ihoy 1 ]'~' , (2-76) 

by the following change of variables; 

(2-77) 

By using the same change of variables given by equations (2-32) and (2-33), 

equations (2-73) and (2-74) reduce to 

where x = 0 , and (2~78) 

, when y = -0 (2-79) 

The corresnonding boundary values for "ljJ follow from equations (2-41), 

(2-42), (2-78), and (2-79): 

\jJ(O,y) 
12y 

G2(y) (2-80) = e -

\jJ(x,O) 11x [ +IX ql (y)dy] H2(x) (2-81) = e 1 -
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These equations define G2(y) and H2(x). Hence the problem to be solved 

is analogous to that of the adsorption process, except for the boundary 

condition function, which is not analytically defined. Similar to equa-

tion (2-68), the solution for w is as follows: 

and expressions for cD(x,y) and qD(x,y), similar to equations (2-69) 

and (2-70), may be written as: 

X 

" 1 2 [ H'_z ( n) 10 [z v'L1 L2y (x - nl J dn 

o] d< j 

(2--82) 

(2-83) 
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where 

f y I I 1112 (y - 0 
+ G 2 C~)~ , X 

0 

1
2
y 

G' (y) = 1 e 2 2 

are the derivatives of functions G2(y) and H2(y). 
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II-3.2 Solution for a Gaussian Distribution of Xenon on Charcoal 

(2-84) 

(2-85) 

(2-86) 

Expressions given for cD(x,y) in equation (2-83) and qD(x,y) 

in equation (2-84) are perfectly general. They were developed for the 

desorption process in beds of charcoal having an arbitrary distribution. 

of xenon. For a Gaussian distribution of xenon adsorbed on charcoal these 
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expressions are still valid, except the boundary condition functions 

G2(y) and H2(x), which have to be obtained for this case. 

Equation (2-74) for a Gaussian distribution ftmction may be 

written as 2 (z - m) 

2cr2 

(2-87) 

where QDo is the peak concentration at equilibrium; .m is the mean, 

an arithmetic average of the distances; and a is the standard devia-

tion, a parameter that describes the breadth of distribution of devia

tion (z - m) from the mean. When we use the change of variables given 

by equations (2-29) and (2-30), the boundary conditions given by equa-

tions (2-78) and (2-79) become 

cD(O ,y) = 0 where X = 0 (2-88) 

(u x 2 - m) s 

qD(x,O) ql (x) QDoe 
2cr2 

where y = 0 . (2-89) = = 
' 

The corresponding functions G' 2(y) and H' 2(x) given by equations (2-85) 

and (2-86) may then be written as 

I 

H 
2 

(x) 

G' 2(y) 

2 (u x - m) 
s 

(2-90) 

(2-91) 

,. 
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The integral of a Gaussian distribution function does not have 

a simple analytical form; however, the last term in equation (2-91) may 

be written in terms of error functions. By making the following change 

of the variable 

u y - m s t=---v 2cr 

and after some manipulation, we obtain 

(usx - m) 2 

H' 2 (x) 2cr
2 

erf(~)l -vfZO 

where erf(s) is the error ftmction defined by the integral 

s 2 
erf(s) = ~ J e -t dt 

y 'IT 0 

(2-92) 

(2-93) 

Hence, expressions given by equations (2-83) and (2-84), with equations 

(2-90) and (2-93) substituted for G' 2(y) and H' 2(y), would give a xenon 

concentration in the effluent and in the charcoal bed during elution of 

a column in which the xenon has been initially adsorbed in a Gaussian 

distribution. 
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II-4, Numerical Evaluations 

The equations developed for determining the concentration of 

xenon in the effluent and in the charcoal bed for both processes are 

rather complex for analytical integration; however, numerical integra-

tion is relatively easy. Simpson's method of integration is used to 

integrate equation (2-70). Successive approximations are made until the 

absolute fractional error between two integrals is less than 1 percent. 

Listing of the FORTRAN program used may be found in Appendix A. 

The last tEmn in the equation has a singularity, which is re-

movable by the following change of variable: 

let 

then 

-chu 
-dn = 

,/klk2y 
' x - n 

and the last term in equation (2-70) becomes 

X 

J H'l (n) 
0 

(2-95) 

(2-96) 

The same type of change in the variables is applied to equation (2-84) 

for numerical evaluation. 

For illustration, the xenon distribution in the charcoal column, 

qA(z,t) , for constant flow time, is found for specific values given in 

. ' 
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Table II-2. In Fig. ll-3, normalized spatial variations of xenon concen

tration in the charcoal coltmm. are shoWn. after flows of 10, 20, and 30 

minutes, and in Table 11-3 locations of maximum concentration and widths 

of concentration distribution at half maximum, denoted by w
112

, are listed 

for each flow time. From these results we find, at least for the times 

and distances of interest, that adsorption waves travel through the colurrm 

with a constant speed. As the flm-iing time increases, peak xenon con-

centration in the bed decreases, and the distribution curves broaden. 

II- 4.1 Factors Affecting Behavio-r; of the Adsorption Coltmm. During the 

Adsorption Process 

An experimental approach was employed to find how the location 

and shape of the xenon distribution in the column varied \vi th the rate 

constants and the carrier gas flow rate. Fig. II-4 shows the distribution 

of xenon in the adsorption column after 30 minutes, as a function of 

k2 for a constant k1. After 30 minutes of flow, the distribution, as 

a function of k1 for a constant k2, is illustrated in Fig. II-5. Figure 

II -6 shows xenon distribution in the colurrur when k1 and k2 are both 

varied, but the ratio is held constant. 

The variations in the location of peak xenon concentration, 

ZArnax' and in full width at ·half maximum of the distribution, w112 , were 

found to have particularly simple functional dependencies in the time 

span of interest: 

as in Fig. 11-7 and Table 11-4; and 
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Table II-2. Values of parameters used in nlot of Fig. II-3. 

Parameter 

Adson)tion time constant 

Desorption time constant 

Linear velocity in the column 
for a flow rate of 8 liters/min 

Void fraction 

Xenon concentration entering 
· adsorption column at time t = 0 

Column cross section 

Value 

-1 k1 = 295 sec 

-1 k2 = 0.1 sec 

u = 37.556 em/sec 

a = 0. 71 

cA
0 

= 0. 270 11Ci/cm3 . 

= 10,000 dia/sec-cm3 

2 A= 5 an 

Table II-3. Location of maximum concentration, ZAmax' and 
width at half maximum, w112 , of concentration 

curves at different times during flow. 

Time z Amax wl/2 
(min) (em) (em) 

10 5.0 ± 0.25 2.6 

20 10.5 ± 0.25 4.0 

30 16.0 ± 0.25 4.9 
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Table II-4. Effect of rate constants on behavior 
of charcoal adsorption column. 

z wl/2 
·-

kl k k = kl/k2 Am ax 2 (em) (em) 

120 0.01 12,000 3.75 3.750 

120 0.02 6,000 7.50 5.250 

120 0.04 3,000 15.00 7.500 

120 0.08 1,500 30.00 10.500 

60 0.01 6,000 7.50 7.125 

60 0.02 3,000 15.00 10.500 

60 0.04 1,500 30.00 15.000 

60 0.08 750 60.00 20.500 

15 0.01 1,500 30.00 28.500 

30 0.01 3,000 15.00 14.250 

60 0.01 6,000 7.50 7.125 

120 0.01 12,000 3. 75 3.750 

15 0.02 750 60.00 

30 0.02 1,500 30.00 21;000 

60 0.02 3,000 15.00 10.500 

120 0.02 6,000 7.50 5.250 

. . 
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as in Fig. II -8 and Table II -5. A similar analysis shows that for the 

same flow time of half an hour, the concentration wave moves forward 

and broadens as the carrier gas flow rate or linear velocity increases. 

The location of the peak, ZAmax' and width, l~112 , both increase linearly 

with gas velocity (Table II-6 and Fig. II-9). 

II-4.2 Empirical Gaussian Distribution Fit of Xenon Activity Profiles 

In Fig. II-3 it appears that the xenon ~oncentration profile 

in the column becomes symmetrical as the chromatographic zone migrates 

further along the colunm, suggesting a Gaussian distribution fit of those 

curves. Using the following expressions for the mean and the standard 

deviation, 

zq (z) dz = L: z.q. (z)L'Iz. 
i 1 1 1 

(2-98) 

- 2 (z. - z) q. (z)L'Iz. 
1 . 1 1 ' 

(2-99) 

nonnalized xenon concentrations in the colunm obtained from expression 

(2-70) were approximated to a Gaussian distribution function 

q(z) = e 

- 2 (z - z) 

2o2 

-where z ZAmax is the axis of the concentration zone, and 

a = w
112 

/1.177 x 2 is the standard deviation of the resulting Gaussian 
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Table II-5. Effect of varying k1 and k2, for a 

constant ratio of k1/k2, on behavior 

of charcoal adsorption column. 

kl k2 ZAmax wl/2 
(em) (em) 

30 0.01 15 14.25 

60 0.02 15 10.50 

90 0.03 15 8.70 

120 0.04 15 7.61 

150 0.05 15 6.75 

300 0.10 15 4.75 

71 

Table II-6. Effect of flow rate on behavior of the charcoal column 

during the adsorption process. 

Linear velocity Flow rate z Amax Velocity of the peak wl/2 
(em)- (liters/min) (em) concentration (em/min) (em) 

9. 389 2 4 0.113 1.2 

18.779 4 8 0.266 2.6 

28.169 6 12 0.400 3.7 

37.559 8 16 0.533 4.9 

46.948 10 20 0.666 6.0 

56.338 12 24 0.800 7.2 

65.727 14 28 0.933 8.2 

75.117 16 32 1.066 9.5 

84.507 18 36 1.200 10.4 

93.896 20 40 1.330 11.4 
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concentration profile. For a flow time of 30 minutes, the normalized 

xenon concentration, calculated by both methods, is plotted against dis-

tance in Fig. II-10. It illustrates that the xenon profile in the column 

follows closely a Gaussian distribution ftmction. 

In order to facilitate the analysis of the experimental xenon 

activity profile in the adsorption column, results of the preceeding 

section were used to obtain the following empirical expressions relating 

constants of the Gaussian distribution ftmction, z and cr , to the 

adsorption column characteristics 

(2-100) 

(2-101) 

where, as before, 

kl adsorption rate constant, -1 = sec 

k2 = desorption rate constant, sec -1 

k = .kl/k2 

F = total flow rate, cm3/sec ' 

A= cross-sectional area of the column, 2 
em 

a void fraction ; and 

t = flow time, sec . 

For the input data given in Table II-2, values of -z cr , and w112 = 

l.i77 x 2 x cr , obtained from expression (2-70) and calculated as above 

are listed in Table II-7. A comparison of the corresponding values shows 

that by using expressions (2-100) and (2-101) it is possible to predict, 

within a few percent error, the location and shape of the distribution 

of the xenon activity in the adsorption column. 
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Table II -7. Values obtained by rigorous dynamic adsorption method and 
calculated by empirical equations. 

z * wl/2 * --t i- w112· Flow time Amax z a 
(min) (em) (em) (em) (em) (em) 

10 5.0 ± 0.25 2.6 ± 0.5 5.42 1.175 2.76 

20 10.5 ± 0.25 4.0 ± 0.5 10.84 1.66 3.91 

30 16.0 ± 0.25 4.9 ± 0.5 16.26 2.035 4.79 

* Using expression (2-70). 
i-using equations (2-100) and (2-101). 

~ 
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It can also be shown that the concentration-time profile in the 

effluent may be presented by a Gaussian distribution function with time 

as the variable: 

c(t) = e (2-102) 

where t and T , analogous to z and a except having dimensions of 

time, are respectively the mean and the standard deviation of the xenon 

concentration profile in the effluent. By considering the fact that a · 

given length of the concentration zone is swept off the column in a time 

equal to that length divided by the zone velocity, a corresponding pair 

of variables can be related to each other. For a charcoal column of length 

L em, the following expressions are found for the mean and the standard 

deviation: 

- kl AL 
t = KzF (2-103) 

2 2 kl AL 
T = a k2 T 

2 

(2-104) 

Input data from Table II- 2 were used to calculate the values of time-to

peak, t , and full width at half maximum of the concentration-time 
max 

distribution of xenon in the effluent; the same values are obtained from 

expression (2-69) and empirical equations (2-103) and (2-104), and are 

tabulated in Table II-8 for comparison. 

For a charcoal column of 10-cm length, the normalized xenon ac

tivity profile in the effluent is determined, based on the dynamic adsorption 

approach and the Gaussian function approximation. These findings are 

plotted against time in Fig. II -11 and show. that experimental dq.ta may 
,. -

well be correlated to the above empirical relation. 

" . 

.• 
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Table II-8. Calculated values of time-to-peak and full width at 

L t 

half maximtnn of the concentration---time distribution 
of xenon in the effluent for charcoal coltunns of variable 
length. 

·'- t + 
* * f1 T wl/2 wl/2+ 

(em) max (min) (min) (min) (min) (min) 

10 19 ± 0.5 7.1 ± 0.7 18.437 2.954 6.957 

20 37 ± 0.5 9.5 ± 0.7 36.875 4.160 9.792 

30 56 ± 0.5 11.2 ± 0.7 56.312 5.090 11.993 

* Using expression (2-69). 
·'-1Using expression (2-103) and (2-104). 
+ 
+w

112 
= 2 x 1.177 X T 
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CHAPTER II I . 

ANALYSIS OF TIIE HOLDUP A~ REMOVAL OF RADIOACTIVE 

XENON GAS FROM CHARCOAL TRI\PS 

II I -1 Xenon Holdup by Charcoal Traps 

One of the few satisfactory methods developed to reduce release 

of radioactive noble gases, particularly the fission products krypton 

and xenon, to the atmosphere from the off-gas stremns of reactors and 

nuclear fuel reprocessing plants is the use of fixed-bed adsorption systems 

[92-105]. To achieve this reduction, two modes of operation have been 

considered: The first method is the conventional one, in which the pro-

cess gas stream is passed through an adsorber bed until breakthrough occurs. 

The adsorbent is then either regenerated or removed. A charcoal bed, 

cooled with liquid nitrogen, has been used in this manner to remove radio-

active krypton from the dissolved off-gas stream at the Chemical Processing 

Plant, National Reactor Testing Station, Area, Idaho [106]. The alterna

tive mode of operation is to use the adsorber as a "delay bed." In this 

case, breakthrough is allowed to occur, but the adsorber bed is sized to 

provide adequate chromatographic delay of the radioactive krypton and 

xenon isotopes. In other words, krypton and xenon are delayed in passage 

through the.adsorber by the continuous process of adsorption and desorp

tion, and the radioactive isotopes are allowed to decay before they escape 

from the adsorber. A water-cooled charcoal delay bed has been used in 

this way to remove krypton and xenon from the off gas stream of the 

79 
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Homogeneous Reactor Test at Oak Ridge National Laboratory [107]. 

The effectiveness of a delay bed in holding up radioactive xenon 

gas is dependent on the geometry of the bed, the type and amount of 

charcoal, the bed temperature, and the total flow rate; it is independent 

of xenon concentration in the carrier gas as long as the concentration 

falls under the.linear portion of the adsorption isothenn. If the con

centration becomes sufficiently high, the adsorption isotherm will become 

appreciably nonlinear and the effectiveness of the delay bed will start 

to decrease with increasing;con~entration. This loss of effectiveness 

occurs because the adsorbate occupies an appreciable fraction of the ad

sorbate surface, and thus interfers with further adsorption. In the 

preceding chapter a theoretical treatment of the dynamic adsorption-de

sorption process in charcoal bed has been developed. From this analysis 

it appears possible to predict the shape and position of the xenon dis

tribution in the bed and in the effluent when one knows the bed geometry, 

flow rate, and rate constants for the adsorption and desorption of xenon 

on charcoal, from a flowing air stream. To gain the necessary informa

tion on holdup behavior of a charcoal trap to be used in an apparatus 

for recycling trace amounts (10 to 50 mCi) of radioactive xenon gas in 

pulmonary function studies, a series of experiments was carried out to 

determine the shape and position of holdup and breakthrough curves when 

the gas fed into the trap has an exponential fall in xenon concentration. 

These curves were then compared to the ones obtained from ~xpressions 

(2-69) and (2-70) to find rate constants suitable to the design of the 

trapping system. 
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I I I -1. 1 · Adsorption Capacity of Adsorbent Used 

One of the important parameters in the design of an adsorber 

for the removal of a trace amount of a gas is the capacity of the adsorbent 

for that gas. Generally, the greater the surface area of the adsorbent, 

the higher its adsorption capacity for any compound. The range of sur- · 

face area for commercial adsorbents capable of adsorbing inert gases is 

listed in Table II I -1. These values reflect the relative effectiveness 

of these adsorbents. Experiments have also been carried out which con-

firm that activated charcoal is significantly better than inorganic 

materials [109-ll3] for removal of radioactive xenon from a flowing gas 

stream. Fig. II I -1 shows the adsorption isotherm at 2 °C for xenon on 

various adsorbers [109]. 

TI1e adsorbent used in the experiments to be discussed is coconut 

charcoal, 6-14 mesh, from Fisher Scientific Company. The·physical pro-

perties of this activated charcoal are listed in Table I II- 2 [112]. 

III-1.2 Apparatus 

The apparatus used is shown schematically in Fig. III -2_. The 

essential portions of the flow system include a spirometer, a water ad-

sorber (Drierite), a pump, a charcoal trap with dry-ice bath, and a flow 

meter. The connecting lines are constructed of copper tubing with l-in. 

i.d. and 1/16-in. thick walls. The trap is a 22-inch long adsorbent bed 

holding about 140 g of charcoal and connected to the system with vacuum 

fittings. Small~mesh copper-screens fitted inside the trap prevent dis

persion of charcoal through the system. Trap temperature is measured 



82 

Table III-1. Surface area of commercial adsorbents. 

Adsorbent Surface area 

Activated alumina 50-400 2 m /g 

Silica gel 200-600 2 m /g 

Molecular sieve 600-800 m2/g 

Activated carbon 2 500-1600 m /g 

Table III-2. Physical properties of coconut charcoal used. 

Property 

Surface area 

Pore volume (N2) 

Pore volume (He or Hg) 

Apparent density 

Range of effectiveness 

1100-1200 m2/g 

0.55-0.65 ml/g 

0.70-0.75 ml/g 

0.48-0.53 g/ml 

. . 

.· .. 
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FIGURE III-1. Adsorption of xenon by various materials at 2°C [105]. 
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with a stainless-steel clad, copper constantan thermocouple. 

ANal crystal, 1- in. thick by 3-in. diam., in conjunction with 

h 1 . 1" d d f . 133v . . . a p otomu t1p 1er, serve as etector or measur1ng Ae act1v1ty 1n 

the spirometer. The spirometer was shielded from the remainder of the 

apparatus so that activity present elsewhere in the system would not 

influence the counts obtained over the spirometer. A fan was installed 

inside the spirometer to insure complete mixing of the xenon with air. 

The output from the detector was recorded by a scaler and a rate meter. 

A continuous plot of rate meter output, and hence the gas activity level 

in the spirometer, was obtained using a strip chart recorder. 

An Anger scintillation camera fitted with a low-energy collimator 

d d d. · · d f 133x · · d h was use to etect gamma ra 1at1on em1tte rom e 1ns1 e t e trap. 

The camera is interfaced to a digital system, the Hewlett-Packard Model 

5407A Scintillation Data Analyzer, which stores and processes the basic 

information. The main components of the system consist of a 3-~ sec 

analog-to~digital converter, the Hewlett-Packard 2100A computer (16-

bit words), movable head discs (2.4 million words), magnetic tape storage 

system, CRT display with light fan, and a teletype. Detailed information 

on the system is reported elsewhere [114] . 

III-1.3 Data Collection 

TI1e distribution of 133xe activity in the trap as well as the 

time-activity curves for any region of the trap are obtained with an 

Anger camera and the on-line data analyzer. The camera output in the form 
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of sequential 64 x 64 matrices is acquired and transferred onto the · 

raw data file of the disc by the digital computer system at preselected 

time intervals (minimum 10 msec). At the end of an experiment the ac-

cumulated raw data are processed by selecting preset programs provided 

by the system. Each program is initiated by depressing the appropriate 

keys of a standard teletype and entering the relevant parameters. 

Data processing begins by framing the accumulated raw data. 

During this operation, the raw data file is played back, and the data 
' 

are regrouped into virtual images called frames and recorded on the frame 

file. Any frame from the frame file can be manipulated by a choice of 

arithmetic operations, or viewed in three different modes: contour, 

isometric, and slice. The contour mode is closest to a conventional 

scan or scintigram; each display point is intensified as a function of 

the counts present. The isometric mode gives a pseudo three-dimensional 

effect of the 1mage; each point is displaced vertically and intensified 

as a function of the count present. The slice mode shows both a vertical 

and a horizontal slice in cross section, each point is displaced ver-

tically as a function of.the counts. 

Once the sequence of frames representing the dynamic study has 

been created, time-activity curves of selected. frames and areas can be 

generated. Markers or light pen are used to identify' areas for deter-

mining integral counts. Total counts in each area, for each frame, are 

plotted vertically against frames horizontally. Generated time-activity 

curves can be called or operated on arithmetically. After manipulation, 

the curves can be stored on the disc. l~en data processing has been 

completed, the entire study -- including raw data -- is saved on magnetic 

tape for viewing or further analysis. 

/ 
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Ill-1.4 Adsorption and Desorption of Air from Charcoal 

One of the problems associated with holdup of trace amounts 

of inert gases in an air stream is the adsorption of air on charcoal 

at low temperatures. Experiments were carried out to measure the volume 

of air adsorbed on charcoal during cooling to dry ice temperature of 

-78°C, as well as the volume and composition of gas desorbed from the 

charcoal while warming up to room temperature of 20°C. Part of the ap

paratus shown in Fig. Ill-1 was used in these experiments. 

When the trap, previously at room temperature, was immersed in 

the dry-ice bath with all valves closed, the pressure inside the trap 

decreased and by the time the trap reached dry-ice temperature (about 

two hours), the gauge on the trap showed a vacuum of 18 mm Hg below 

atmospheric pressure. This was an indication that air inside the trap 

was adsorbed on the charcoal while being cooled down. To measure the 

volume of a1r adsorbed on the charcoal, valves v1 , v2, and v3 at the 

bottom of the spirometer were closed; air was introduced inside the 

spirometer through valve v10 ; and by opening valves v3 and v8, air was 

allowed to flow from the spirometer to the trap. Volume displacement 

of 3 liters out of the spirometer brought the trap pressure to atmospheric 

level, and no noticeable change of volume in the spirometer occurredby 

leaving the trap in dry ice for another hour. 

A variation of this experiment, giving a similar result, was 

also performed. With the same trap at 20°C, air was introduced into the 

spirometer, and after closing all the valves except v3 and v8, the trap 

was immersed into the dry-ice bath. When the trap temperature reached 

-78°C, the spirometer volume was decreased by 3 liters. 
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When the trap was warned to room temperature of 20°C, the pres

sure inside the trap increased due to excess air adsorbed on the charcoal 

during cooling down to -78°C. For 140 g of charcoal in the trap, the 

pressure rose to 15 psi above atmospheric. The vollJI!le of this excess 

gas \vas measured by first discharging the remaining air in the spiro

meter and then opening valves V 8 and V 3. The pressure gradient of the 

gas in the trap increased the volume of the spirometer by about 3 liters 

exactly the same amount of air that entered the trap during cooling. 

The composition of gas released by charcoal while warming from 

-78 to 20°C was also determined by gas chromatography. With all valves 

closed, the trap was taken out of the dry-ice bath and allowed to warm 

up to room temperature. Then a syringe with a Luer -lock adapter was used 

to withdraw samples of excess gas from the trap. The gas r.eleased from 

the trap has the composition of atmospheric air. Hence, no selective 

adsorption exists at -78°C when a mixture of nitrogen and oxygen is 

adsorbed on charcoal. 

III-1.5 Procedure 

The operating procedure to analyze the dynamic adsorption of 

xenon on charcoal is divided into two sections: preparation and xenon 

collection. Each section is described in detail below. 

A. Preparation 

The four-way valve is set in position A (Fig. III~); all con

nections are secured, valves v8 and v9 are closed; valves v6, v7, and 

v10 are opened, and the trap is immersed in the dry-ice bath. The 
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experimental system is positioned so that the xenon trap is in the camera 

field, as close as possible to the collimator. The earners is adjusted 

to the proper setting after shielding the back and the sides·of the trap 

with 1/2-in.-thick lead sheet. Then the computer and peripheral systems 

are set to the desired mode to store data from the camera. Following 

these operations, the fan inside the spirometer is turned on, and with 

1 V d. v 1 d 133x · · d d · h · va ves v1, 2, an 3 c ose , e 1s 1ntro uce 1nto t e sp1rometer 

through valve V ll, and flushed by oxygen from a tank supply. Sufficient 

oxygen is added to the spirometer so that the volume of gas inside is 

about 5 liters. The amount of xenon introduced was not calibrated, so 

a scintillation collimator with variable collimation was used to monitor 

the initial count rate in the range of 300,000 to 500,000 counts per 

minute. The chart recorder was started, once a satisfactory initial 

count rate was achieved, and allowed to run continuously during the ex-

periment to provide a plot of the activity level in the spirometer. 

B. Xenon Collection 

After the trap has reached dry-ice temperature, the count rate 

and volume of the gas in the spirometer is recorded; valves v1 and v2 

are opened, and the pump is turned on. The xenon-air mixture is cir-

culated in the closed circuit until the count rate in the spirometer 

reaches a steady-state level, at which point the flow is directed toward 

the trap by switching the four-way valve to position B. In this open 

circuit, atmospheric air enters the spirometer through the four-way valve and 

valve v1 ; and after mixing with xenon, the gas flows out of the spiro

meter throughvalve v2. The xenon-air mixture then passes through the 

Drierite, pump, and four-way valve to enter the charcoal trap. The 
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remainirrg.gas leaves the trap through valves v7 and v10 to enter the 

flowmeter. The flow is continued in this manner for 20 to 30 min while 

data are collected. At the end of this period, the pump is turned off 

and the trap is taken out of the bath to be warmed up to room tempera-

ture. In the principal experiment the flow rate was between 8 - 9 liters/min. 

III-1.6 Experimental Results 

The arrival and movement of the 133xe gas in the trap for a 

flow rate of 8 liters/minute is shown in Fig. III-3 as a series of dis

plays in isometric mode. The duration of each displayed frame is 15 sec. 

In Fig. III-4, plotted simultaneously against time, are the counts in 

each frame (nonnalized to the frame with maximum counts) and the nor

malized activity level in the spirometer, obtained from the tracing of 

the chart recorder. 

The time-activity curves (Fig. III-5) of four adjacent areas 

of the trap and the sum of these areas were obtained after regrouping 

the raw data into frames of one-minute duration. These curves \vere 

generated by dividing one leg of the "U" tube on the CRT display into 

four equal areas and adding counts in each area for all the frames. 

Figure III-6 shows locations and assigned numbers to each area of the 

trap. Counts in each area as well as the total count in all areas is 

tabulated in Table III-3. By taking the ratio of total counts in the 

areas of frame 12 (the frame with the maximum count) to those of frame 

30, it was found that after 30 minutes of flow, less. than 8 percent of 

the xenon activity had passed through 20 em of the charcoal column. 

The percent activity in each section of the trap at different times 

. . 
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Table Ill-3. Counts in designated sections of the trap (Fig. III-6), 
at various times during flow. 

Time Area (1) Area (2) Area (3) Area (4) Area 
(min) (1 + 2 + 3 + 4) 

1 114 39 53 28 234 

2 1118 403 70 ' 35 1626 

3 1634 1323 82 33 3072 

4 1499 2128 126 41 3794 

5 1265 2628 220 38 4150 

6 1058 2845 341 35 4279 

7 921 3088 389 42 4440 

8 663 3206 508 44 4421 

9 576 3269 630 37 4512 

10 470 3267 734 so 4521 

11 383 3190 844 65 4482 

12 329 3167 1056 71 4623 

13 302 3008 1150 55 4515 

14 249 2956 1298 72 4575 

15 226 2922 1384 73 4605 

16 219 2666 1518 82 4485 

17 177 2543 1714 111 4545 

18 154 2424 1814 118 4510 

19 125 2382 1933 125 4565 

20 119 2194 1901 119 4336 

21 138 2105 2095 158 4496 

22 135 1993 2176 162 4466 

23 114 1869 2323 162 4468 

24 90 1791 2222. 163 5266 
. 25 95 1645 2410 192 4342 

26 113 1602 2560 217 4492 

27 125 1527 2521 226 4398 

28 88 1456 2697 273 4514 

29 109 1373 2698 250 4430 

30 95 1277 2604 298 4274 
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during the flow is listed in Table III-4. These values reflect the 

relative xenon activity in different sections of the trap. 

III-1. 7 Comparison with Theoretical Results 

The spatial distribution of the activity 1n the trap was obtained 

at different times during the flow by adding the counts in the elements 

constituting the trap cross section. Normalized activity distributions 

in the trap for a flow rate of 8 liters/min are plotted for 10, 20, and 

30 minutes of flow in Fig. III-7. It can be seen that as xenon moves 

longitudinally in the trap, the height of central maximum decreases and 

the distribution curve spreads out progressively. 

Values of the centroid and standard deviation of the activity 

distributions in the trap are listed in Table III-5 for each flow time. 

In Fig. III-8, values for the centroid or the average distance migrated 

by the activity zone are plotted against time. It can be seen that as 

the xenon moves through the trap, the velocity of the activity zone 

rapidly decreases, and then levels off to a steady-state value. Because 

the trap legs stood about 9 em above the alcohol level in the dry-ice 

bath during holdup experiments, this variation of zone velocity is the 

result of nonuniform temperature distribution in the trap. Henc~, ac

cording to the migration rate of the activity zone in the trap, two 

regions may be distinguished along its length: one where there is an 

axial temperature gradient, and the other where the temperature is prac

tically uniform. 

By fitting the last four points 1n the curve to a straight line, 

the steady-state velocity of the activity zone in the trap was found 
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Table III-4. Percent activity in designated sections of the trap 
(see Fig. III -6) at different times during flow . 

. , 
-

Time Area (1) Area (2) Area (3) Area ( 4) Area 
(min) (1 + 2 + 3 + 4) 

I 

5 27.3 56.8 4.7 0.8 89.6 
10, 10.1 70.6 . 15.8 1.0 97.5 

15 4.8 63.2 29.9 1.5 99.4 

20 2.5 47.5 41.1 2.6 93.9 

25 2.0 35.5 52.1 4.1 93.7 

30 2.0 27.6 56.3 6.4 92.3 
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FIGURE III-7. Normalized activity distributions in the trap for a flow 
rate of 8 liters/min. 
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Table III-5. Measured and calculated values of average distance 
traveled and standard deviation of activity zones 
in the trap at different time during flow. 

Flow time Mean (ern) Standard deviation 
- -

(min) Measured Calculated Measured Calculated 

5 11.67 13.51 1. 714 1. 794 

10 13.24 I 14.02 1.883 1. 884 
1· 

15 14.18 14.53 l. 976 1.971 

20 14.97 15.04 2.070 2.053 

25 15.62 15.56 2.133 2.133 

30 16.04 16.07 2.224 2.209 

35 16.53 16.58 2. 272 2.283 
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in the trap with flow time. 
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to be 0.102 em/min. Extrapolation of this line to time zero resulted in 

an intercept value of 13 ern. This distance, denoted by z
0 

, reflects 

that length of trap that is partially ineffective in delaying xenon 

movement during the adsorption process. By knowi11g this steady-state 

velocity, the ratio of the adsorption to desorption rate constant, k 

in the part of the trap where the temperature is uniform, ~y be cal-

culated from the empirical relation (2-100). For a volumetric air flmv 

rate of 8 liters/min, the ratio of k1/k2 was found to be equal to 

15625. 

It can easily be shown that k = k1/k2 and the dynamic adsorption 

coefficient, kd , defined by Browning and Bolta [89], are related 

as 

k 
p(l - a) 

in which p is the charcoal density, and a is the void fraction. 

For an average charcoal density of 0.5 g/crn3 (Table III-2), and a void 

fraction of 0.71, the above relation would give a kd value of 107758 
3 . 

ern /g. In the literature no mention could be found of the dynamic ad-

sorption coefficient of xenon in an air carrier gas at -78°C, so the 

obtained kd value may only be compared to those measured in helium or 

argon gas. 

B 1 [99] ha · h · · f h 133x d · urnette et a . ve g1ven t e var1at1on o t e e ynarn1c 

adsorption coefficient with inverse temperature, in temperatures ranging 

from -45°C to 90°C, for Barnebey-Chaney Grade 107 activated coconut 

charcoal with helium as the carrier gas. Extrapolation of their data 
5 3 to -78°C gives a kd value of 3. 7 x 10 ern /g. Forster [102] has plotted 
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the xenon dynamic adsorption coefficient against temperature, between 

175°K and 350°K for a variety of charcoals in argon carrier gas. His 

value of kd at 195°K, corresponding to -78°C, is approximately 2 x 105 

cm3;g. Finally, First et al. [103] have measured the xenon dynamic ad

sorption coefficient at -78°C for two types of coconut base charcoal 

1n argon carrier gas. For the one with surface area of 1150 m2 I g·, 

kd = 92,000 cm3jg; and for the other with surface area 1200 m2/g; 
3 

kd 98,200 em /g. If one considers the differences between the sources 

of charcoal, the carrier gas, and the experimental techniques, the ob-

tained value of the dynamic adsorption coefficient agrees reasonably 

well with those reported in the literature. 

In Fig. III-9, the square of the standard deviation of the activity 

profiles are plotted against time. This figure shows that in the region 

\vhere the trap temperature is uniform, the square of the standard devia-

tion increases linearly with time. As stunmarized in the em1Jirical rela-

tion (2-101), similar results were reached by a theoretical analysis of 
I 

the dynamic adsor1Jtion process. Therefore, the slope of this line 

(0.0672 cm2/min) may be set equal to the ratio of do 2/dt in equation 

(2-101) in order to find a second relation between k1 and k2; and hence 

the value of the adsorption and desorption rate constants can be estimated 

within this region. 

Values of the adsorption and desorption rate constants resulting 
-4 

from this approach are 114 ± 2 sec-l and 73 x 10 ± 1 x 10- 4 sec-l res-

pectively. For these values of k1 and k2 , the mean and standard devia-

tion of activity distributions, corrected for the intercept value z = 13 em 
0 

m1d o2 
= 2.886 cm2, were calculated by using the empirical relations 

• 
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FIGURE III-9. Variation of the square of the standard deviation of 
the activity distribution in the trap with flow time. 
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(2-100) and (2-101). A summary of the results are given in Table III-5. 

Since there is an axial temperature gradient present in the inlet 

port of the trap, the adsorption and desorption rate constants in this 

region of the trap vary with the trap position. However, an average 

value may be estimated for each of the rate constants within this region. 

By using the standard deviation of the xenon activity distribution in 

t!1e trap 1n relation (2-101) and the average velocity of the activity 

zone during the first five minutes of flow in equation (2-100) the ap-

proximate values of the adsorption and desorption rate constants in the 

. -1 nonuniform temperature reg10n of the trap were found to be 298 sec 

and 0.435 sec- 1 , respectively. For these values of the rate constants, 

the normalized spatial variation of the activity zone during the first 

6 minutes of flow in the trap, calculated from expression (2-70), is 

plotted in Fig. III-10. It illustrates the development of the activity 

zone profile into a Gaussian distribution. 

III-2. Xenon Removal from Charcoal 

A major problem encountered in the design of the recycling ap-

paratus for pulmonary function studies was the recovery of xenon gas 

in a small volume of air. Although it was possible to release xenon 

from charcoal by heating the trap, total recovery of xenon was not prac

tical because of the high concentration ratio of air/xenon in the trap 

and the low thermal conductivity of charcoal. 

By heating the trap described in Section III-1.2 to 200°C for 

30 min, more than 50 percent of the xenon was still trapped in the charcoal 

column even though the volume of air released during heating of the trap 



1.0 

0.8 

0.6 

> -0 
0 

-o 
Q) 0.4 
N 

0 

E 
'-
0 
z 

0.2 

I 
I 
I 
I 

1 
I 
I 

• 
: I 
', I 
~l 

\J. 
' I 
' ' ' ' 

I min 

-~2-_min ,, 
/ \ r-(3min 

I \ . \ 
I / . 

.\ 
l\ 
I \ 

I 

I 

y 
, I 

/\ 
\ 

Distance {em) 

105 

XllL764-5396 

FIGURE III-10. Normalized activity distribution in the trap during 
the first 6 minutes flow, calculated from expression 
(2-70). 

18 



106 

was more than 8 liters. Further, evacuation of the trap at dry-ice tem

perature did not ili1prove the collection efficiency since 10 to 20 percent 

of the xenon was h)St while the trap was pumped out. 

Previous experiments [ll5, ll6] have indicated that water vapor 

drastically affects the efficiency of charcoal for inert gas adsor1Jtion. 

1Vhen the moisture content was increased in a stream of krypton -carrying 

helium, it was fm.md that the capacity of the charcoal to adsorb krypton 

was linearly reduced [116]. To determine the feasibility of recovering 

millicurie amounts of xenon from a charcoal adsorption bed into a small 

volume of air (less than 5 liters), a series of experiments was made by 

passing low pressure steam (100°C) through the charcoal column at room 

temperature. 

III-2.1 Adsorption of Water Vapor by Charcoal 

d1arcoal, being of a porous nature, besides presenting enormous 

surface and accordingly having high adsorptive capacity, also offers the 

opportunity of capillary action, especially to the vapor of a liquid that 

has as high a surface tension as has water. The isotherm of the adsorp

tion of water vapor by activated coconut charcoal at 100°C (Fig. III-ll) 

obtained by Coolidge [ll7], as well as other studies [118-128], support 

the view that the mechanism by which water vapor is taken up is some way 

distinct from that for other vapors and gases. In nearly every other 

instance, the adsorption isotherm of the gas may be described analytically 

by an equation of the Langmuir or Freundlich type. In the case of water 

vapor, however, the form of the curve is that classified by Emmett as a 
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type V isothenn [129]. In contrast with the Langmuir adsorption isothenn, 

at lm'll values of relative pressure the adsorption curve is convex rather 

than concave to the pressure axis; very little adsorption is found at low 

pressure, and the greater part of adsorption occurs over a narrmv- relative 

pressure range. Moreover, adSOD)tion is not marked near saturation pres

sure. 

. The adsorption behavior of water vapor on activated charcoal shows 

the characteristic of multilayer fonnation. From the viewpoint of B. E. T. 

theory of multilayer adsorption [130], such a curve is explained on the 

assumption that the energy of adsorption in the first layer is less than 

the energy of liquification. TI1e region near saturation may be explained 

on the assumption that all the voids have been filled, and the bulk con

densation on the surface does not occur. On the other hand, the form of 

the curve may also be interpreted from the older conception of capillary 

condensation [ll8,121-123,126,128]. The first smooth part of the curve 

represents the taking up of water by capillary action in some small-size 

pores. The existence of the sharp rise in the isotherm may be accounted 

for by the filling of capillaries. This is completed at the pressure 

below the saturation vapor pressure because the last layer adsorbed in 

the capillary is attracted from both sides and so condenses more readily. 

III-2.2 Experimental Apparatus and Procedure 

The schematic drawing of the experimental apparatus is shown 1n 

Fig. III-12. It is essentially the same one used in Section III-1.2. The 

minor modification includes a kettle and hot plate for steam generation. 

TI1e open1ng of the kettle is fitted with a cork through which a 1/4-inch 
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insulated copper tubing is passed. The outlet of the tube may be easily 

connected to valve v7 of the trap. 

When the charcoal trap used in the xenon holdup experiment reached 

room temperature, all the valves attached to the trap were closed. Valve 

v8 of the trap was then connected to valve v3 of the spirometer with a 

1/4-inch diameter, insulated, copper tubing. The flow system was arranged 

so that the trap was in the camera field again. After discharging the 

excess air in the spirometer, all valves except v3, v7, and v8 were closed; 

the steam line out of the kettle was connected to the trap, and the data

collecting system was turned on. 

III-2.3 Experimental Results 

Nomalized activity profiles of xenon are plotted in Fig. III-13 

after 30 minutes of flow in the trap at dry-ice temperature (-78°C) and 

1. 5 hours later, when the trap has reached room temperature (- 26°C). 

Comparison of these distributions shows that as the trap wams up to room 

temperature, peak activity decreases by about 6 percent while the location 

of the peak remains the same; the width at half maximwn of the distribution 

curve increases from 4.5 to 4.81 em; and the gas diffuses slightly more 

in the direction of air flow to the atmosphere. 

TI1e distribution of xenon activity in the trap while steam flows 

through the charcoal column at room temperature is shown in Fig. III-14 

as a series of displays in isometric mode. The duration of each frame 

displayed is 15 sec. A comparison of the displays reveals the effective

ness of steam for removing xenon from the charcoal. By adding the counts 

in a section of the frame shown in Fig. III-15, activity in this region 
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of the trap is plotted against time in Fig. III-16, where it can be seen 

that by passing low pressure steam through the charcoal column, once it 

has reached room temperature, all the xenon is removed from the trap in 

about 7minutes. The slight increase in activity before the sharp decrease 

is due to flow of xenon from the remainder of the trap. 

A close estimate of the traveling rate of the activity zone and 

the steam linear velocity through the column may be obtained from Figs. 

III-14 and III-16. It takes about 300 sec for steam to reach the activity 

zone in the column located 40 em from the steam inlet port, giving an ef

fective steam velocity of approximately 40/300 = 0.133 em/sec. In the 

displayed section, the axis of the activity zone migrates a distance of 

approximately 4 em through the column in 30 sec, or a wave velocity of 

about 0.133 em/sec. Therefore, the activity zone travels in the colunm 

with the same velocity that the steam flows. 

The activity of the xenon as it arrived in the spirometer was ob

tained from the chart recorder tracing as is shown in Fig. III -17. The 

arrival of steam to the spirometer was delayed due to its passage through 

connecting lines. Upon reaching the spirometer, the steam is condensed 

while xenon, being highly insoluble in water, enters the gas mixture in 

the spirometer. The volume of gas in the spirometer increases during the 

passage of steam through the charcoal column by an average of about 4.6 

liters. Comparison of the counts and volume before pumping xenon out of 

the spirometer to the counts and volume obtained after steam condensation 

showed that an average 96% of the xenon is recovered per cycle. The other 

4% was presumably lost to the atmosphere during flow through the column 

and while \varming the trap to room temperature. 
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III-2.4 Steam-Carbon Reaction 

The reaction beuveen carbon and ste~~ is one of the oldest and 

most useful industrial processes [131] , but the actual mechanism of the 

reaction is still not well understood. At least four reactions may occur, 

each of which affects the course of the others: 

c + H20 -+ CO + Hz (A) 

c + 2H20 -+ C02 + 2H2 (B) 

co + 
-+ 

(C) H20 +- C02 
+ Hz 

c + co -+ 
2 zco (D) 

Although a large number of reports on these reactions has appeared in the 

literature [132-146], most of the work was done at a temperature range 

of 600 to 1300°C. 

There is general agreement [138-142] that at this high temperature 

range, the primary products of the reaction between steam and carbon are 

carbon dioxide and hydrogen and that carbon dioxide is formed mainly from 

the subsequent water-gas reaction (C) which reaches or tends to reach 

equilibrium. It has been found, however, that for all temperatures through-

out the range of 25 to 200°C, the reaction of water with carbon gives 

hydrogen and a carbon-oxygen complex, which decomposes easily to give 

carbon dioxide [142,143]. The tendency to form carbon dioxide is not 

only a function of temperature, but is also critically dependent on the 

water concentration [144] . .Moreover, the steam-carbon reaction depends 

generally on the forms and resources of carbon used; wide variations were 

observed even with samples of the same charcoal, which differed only in 

heat treatment [135]. 

.. 
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To detennine the gas products obtained after fiow of low-tempera

ture steam (- 100°C) through the charcoal trap, samples of gas mixture 

in the spirometer were chromatographically analyzed. Table III-6 lists 

the percentage of each gas found in the spirometer after steam condensa

tion. The presence of 13.4 percent carbon dioxide in the gas mixture 

is attributed to chemisorption and oxidation of the charcoal by oxygen . 
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Table III-6. Composition of gas mixture in the spirometer 
after steam condensation. 

Gas Analyzed Percent in 1 cm 3 

at room temperature 

68.300 

18.200 

13.500 

0.065 

0.003 

• 
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CHAPTER IV. 

RECYCLING OF RADIOACTIVE INERT GASES 

IV.l Design Description of Recycling Apparatus for Pulmonary 

Function Studies 

TI1e general system (Fig. IV-1) consists of two separate closed cir

cuits, which can be interchanged by using the four-way walve. With the 

system in circuit one, the air-xenon mixture circulates between the subject 

and the spirometer to reach a uniform xenon concentration in the hm.gs. 

The oxygen consumed is supplied from the oxygen tank while e~1aled carbon 

dioxide is adsorbed. With the system in circuit two, xenon is washed out 

of the first circuit and the subject's lungs and into a charcoal-filled 
I 

trap while air circulates. Again the oxygen consumed is supplied by an 

0A7gen tank while carbon dioxide and water vapor are adsorbed by appropriate 

adsorbers. 

The major components of this system are the spirometer, carbon 

dioxide adsorber, water adsorber, xenon gas trap, pump, and oxygen supply 

tank. The arrangement of the component parts of the apparatus is shown 

schematically in Fig. IV-1. 

A. Spirometer 

The dimensions of the spirometer are shown in Fig. IV-2. The bottom 

part of the spirometer is made of nickle-plated brass. The top is made 

of aluminum and is balanced by a weight suspended from a cord passing over 

121 
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a pulley, which records the respiratory cycle. The maximum air capacity 

of the spirometer'is 10 liters and the volume displacement of the top part 

is about 9.4 liters. A small fan installed in the inside chamber of the 

spirometer assures the complete mixing of xenon with air. Three tubes 

pass through the bottom of spirometer; each tube is connected to appropriate 

valves, v
1

, v2, and v3. Air-xenon, movement in and out of the spirometer 

is through 7/8-inch diameter tubes. The air-xenon inlet tube to the spiro

meter is connected to the outlet of the co2 adsorber through valve v1 . 

The air-xenon outlet is connected to a four-way valve, v5, through valve 

v2. The other 3/8-inch diameter tube is designed for inlet of the steam

air-xenon mixture. At the end of this tube there is a plug for draining 

extra water accumulated during steam condensation. The spirometer is 

also equipped with a valve, v10 , at the bottom for water drainage, and 

with level indicators on the side, to monitor the volume of air and the 

level of water in the spirometer. 

B. Carbon Dioxide Absorber 

The container, made of stainless steel,* has a 5-in. diameter and 

1s 3.5 inches high. The inlet of the container is connected to the outlet 

of the mouthpiece through 7/8-in. i.d. corrugated copper tube. The outlet 

is connected to the air-xenon inlet tube of the spirometer. The container 

1s fitted with an air-tight removable top to replace soda lime. About 

a pound of soda lime, loosely packed to allow minimum resistance to air 

flo\~ is sandwiched between two stainless-steel mesh screens. 

NOTE: Instead of stainless steel, a Lucite container may be used 
with Carbosorb-type soda lime, which gives a marked color change with the 
degree of exhaustion. 
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C Water Absorber 

The container, 2.5-in. diam. by 8-in. high, is made of Lucite and 

contains about a pound of Drierite with a moisture capacity of 0.2 pound, 

per pound used. The inlet of the absorber, 1/4-in. diam., is connected 

to opening #3 of the four-way valve. The outlet, 1/4-in. diam., is con-

nected to the inlet of the pump. The container has a removable top for 

Drierite replacement. This absorber is capable of keeping the air dry 

for circulation at a rate of 10 liters/min for two to three hours. 

D. Pump 

Xenon gas is highly soluble in oil and greases, and is absorbed 

in significant amounts by rubber as well as by a variety of plastics. 

This property of xenon complicates the use of a regular pump. TI1e best 

conunercially available pump, chosen for the system, is the rotary, oilless 

Model No. 0531, air compressor from Gast Manufacturing Company. This 

model prnrrp delivers pulse-free, oil-free air, and does not need any lubri-

cation. 

E. Xenon Trap 

The xenon trap is a "U"-shaped nickle-plated copper tube, with 
\ 

l-in. i.d. and 1/16-in. thickness. It is filled with 6-14 mesh, activated 

coconut charcoal from Fisher Scientific Company (Fig. IV-3). The overall 

length of the trap is 22 inches (56 em). There are four openings to the 

trap, all fitted with stainless steel mesh. The air inlet is connected 

to the pump outlet through valve v6. The air outlet is connected to opening 
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#3 of the four-way valve through valve v7 and a 1-in.-diam. copper tube. 

A heating tape, powered by an adjustable supply, is wrapped around the 

tube to warm cold air coming from the trap. Though not installed, a tllermo

stat may be used at opening #3 of the four-way valve to regulate the intake 

gas temperature. The 1/4-in.-diam. steam inlet is connected to the steam 

generator through valve v9, and the steam-air-xenon outlet is connected 

to the spirometer through valve v8 and 3/8-in.-diam. insulated copper 

tubing. The trap is equipped with a vacuum pressure gauge to monitor the 

pressure inside the trap. The trap is firmly attached to the frame and 

may be easily disconnected to replace the charcoal. A Calrod heating unit 

\vith variable power supply is soldered to the trap. The temperature of 

the tube may be monitored with a stainless-steel clad, copper constantan 

thermocouple. 

The auxiliary components of the system are the intake-outlet as

sembly, steam generator, mobile dry-ice bath, and four-way valve. The 

whole system is supported by a frame 16 x 21 x 60 in. high, made of Dexion 

slotted angle metal bars. Lead shields hinged to the side of the frame 

surround the apparatus: the shielding being 0.375 in. thick on the side 

that faces the gamma camera, and 0.187 in. think on each of the other three 

sides. the frame is mounted on four casters so that it may be moved about 

easily. 

F. Intake-Outlet Assembly 

Make of Lucite, the intake-outlet assembly has three openings: 

one in the middle, which is fitted with a mouthpiece; the inlet port, 

attached to corrugated, flexible copper tubing, which receives the air-
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xenon mixture from the four-way valve and the oxygen from the supply tank; 

the outlet port, which delivers the expired gas to the carbon dioxide ab-. 

sorber through similar copper tubing. Two flutter valves in the assembly 

assure the flow of air in the proper direction. The level of the assembly 

is adjustable with two moving aluminum bars attached to the frame. 

G. Sterun Generator 

The steam generator is used to generate low-pressure steam for 

removing xenon from the charcoal. It can be filled with 2 liters of water 

through a l-in. diam. opening on top. This opening is also used for the 

steam outlet. An asbestos-insulated 1/4-in.-diam. copper tubing pushed 

through a rubber stopper that fits snugly over the opening directs steam 

to the xenon trap. A 6-in. Calrod heating unit is incorporated 'inside 

the generator, and is used to boil the water. 

H. Dry- Ice Bath 

A commercial styrofoam container is filled with about 2 pmmds of 

dry ice and ethanol and is used to cool the xenon trap to -78°C. The 

dry-ice bath may be raised or lowered with a motor-driven elevator system. 

Safety switches are installed to control the movement of the dry-ice bath. 

L Four-Way Valve 

TI1is home-made four-way valve is used to interd1ange the two circuits 

. of the system. The body of the valve, made out of nickle:-plated brass, 

has four parts: Opening #1 (7/8-in. diam.) is attached to air outlet 
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valve, v2, at the bottom of the spriometer. Opening #2 (1/4-in. diam.) 

_is connected to the inlet of the water absorber through a 1/4-in. copper 

tube. Opening #3 (l-in. diam.) is attached to the outlet tube of the xenon 

trap. Opening #4 (7/8-in. diam.) is attached to corrugated copper tubing 

of the same diameter, which goes to the inlet of the intake-outlet as

sembly. In Circuit one, as shown in Fig. IV-1 and IV-4, port #1 as the 

inlet is connected to port #4 as the outlet. Though non-operational, ports. 

#2 and #3 are connected at the same time. In cricuit two, pott #1 as the 

inlet is connected to port #2, as the outlet, while port #3 as the inlet 

is connected to port #4 as the outlet. The seat of the four-way valve, 

made of aluminum, is equipped with two 0-rings to prevent leakage. 

IV-2. Qperation of Apparatus 

The operation procedure of the system consists of four phases: 

preparation, operation, recovery, and regeneration. Each phase is des

cribed in detail below. 

A. System Preparation 

lVith the system in circuit one, valves v1, v2, v3 and the three-way 

valve are closed. All the connections of the system are secured except 

the one in position (1) between the boiler and xenon trap. After closing 

valves v6, v7, and v8 and opening valve v9, the dry-ice container is raised. 

Dry-ice and ethanol are added slowly to the container until the whole trap 

is immersed in the bath. Thirty to forty-five minutes is needed for the 

trap to reach the dry-ice temperature of -78°C .. Meanwhile, the oxygen 
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gas supply is checked, carbon dioxide and water absorbers are refilled 

if necessary, and the water level in the spirometer is adjusted to the 

appropriate level. If radioactive xenon is present in the spirometer, 

the system is ready to be used when the trap reaches dry-ice temperature. 

In the absence of any radioactive gas in the spirometer, air in the spiro

meter is discharged by opening and closing the three-way valve, v11 , 

between position A and B (Fig. IV-5). 

By cooling the charcoal to dry-ice temperature, three liters of air 

inside the xenon trap would be adsorbed on the charcoal. If valve v9 

had been left closed, the gauge on the trap would have indicated a vacuum 

of 15 rrnn Hg below atmospheric pressure. Therefore, to replenish the air 

adsorbed on the charcoal it is necessary that the xenon trap remains open 

to the atmosphere while being cooled dmvn to dry~ice temperature. 

With the system in circuit one, and valves V1 , V3, and V6 kept 

closed, a known dose (10 to 20 mCi) of xenon radioactive gas is introduced 

to the bottom of spirometer by setting the three-way valve in position A 

(Fig. IV- 5). The three-way valve is then switched to position B arid about 

0.5 liter of oxygen is introduced to flush xenon gas into the system. By 

switching back and forth between position A and B, and by introduction 

of another 1 to 2 liters of oxygen, the system is ready to be used. The 

three-way valve is set in position C. The patient is seated with his back 

to the gamma camera and the mouthpiece is adjusted to his mouth. 

B. Operation 

TI1e apparatus may be used to carry out the following types of 

studies. 
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Rebreathing. With the system in circuit one, valves v1 and v2 

at the bottom of the spirometer are opened to allow gas to circulate. 

Rebreathing is carried out for 3 to 4 mi~utes. 

Washout. For washout, the first valve v9 is closed and valves v6 

and v7 are opened; then the system is switched to circuit two and the pump 

is turned on. Mter the washout is complete, the circuit is turned back 

to circuit one, the pump is turned off, and the mouthpiece is taken out. 

Perfusion. After the radioactive xenon gas in saline has been 

injected intravenously, the expired gas can be rebreathed. The system 

setting is similar to the rebreathing mode except that priming with radio

active xenon gas is not required. Oxygen may be added to the spirometer 

if necessary. 

C. Xenon Recovery 

Steam is used for desorption of xenon gas from charcoal. .~ter 

opening valve v9 to release excess air, which will be desorbed from the 

charcoal surface, the dry-ice bath is lowered and the trap is allowed to 

come to room temperature; usually, one to two hours is necessary for this 

transition. This time may be shortened if the Calrod heating unit on the 

trap is heated slowly. By warming the trap from -78°C to 20°C, about 2 

to 5 percent of the xenon and 3 liters of air are discharged to the at

mosphere. 

lVhile ~enon is coming to room temperature, 2 liters of water are 

added to the boiler, and the inside heater is turned on. After closing 

valves V 1, v2, V 6, and V 7 and opening valves V 8 and V 9, the boiler is · 
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connected to the xenon trap at connection (1). Depending on the tempera

ture of the trap, the steam-air-xenon mixture reaches the spirometer 15 

to 30 minutes later. In the spirometer steam condenses, leaving 4 to 5 

liters of gas inside. At the end, after closing valve v3 at the bottom 

of spirometer, the heater is turned off and the steam generator is dis

connected from the trap at position (1). 

D. Regeneration 

It is possible to regenerate steam-contaminated charcoal for reuse 

without removing it from the trap. After disconnecting the trap from the 

system at position (2), the remaining water in the trap is boiled away 

with the Calrod heating unit on the trap. It takes about 2 hours to restore 

the charcoal to its original adsorptive capacity. The operationmay be 

speeded up considerably by pumping air through the trap. 

IV-3. Design Analysis 

A. Flow Rate 

The volume of air inspired or expired by an average, healthy indi

vidual during each respiratory cycle, the tidal volume, is about 400 to 

500 ml. The average frequency of breathing is about 14 to 16 times per 

minute. Therefore an average-size individual moves 6000 to 8000 ml 

air/min through his lungs. This value also represents the average gas 

flow rate in the designed system. For a reasonable size scale of ap

paratus, this range of flow rate implies a high linear velocity of carrier 

gas in the dynamic adsorption process. 
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B. Temperature 

Since the energy of·gas molecules is less at low temperatures, they 

" can not as readily desorb from the charcoal surface into the moving gas 

stream. To achieve an effective removal of xenon from air streams within 

this range of flow rates, the temperature of the charcoal granules has to 

be as low as possible. Dry-ice-ethanol bath (-78°C) was selected as the 

cooling liquid since it provides the lowest conventiently available tern-

perature above the temperature of liquid nitrogen ( -196°C), a cooling 

agent which would tend to liquify air in the trap. 

C. Trap Size 

In the design of a charcoal trap for the specific goal of efficient 

containment of radioactive xenon gas in pulmonary studies, a number of 

opposing factors must be considered. In Fig. IV-6, the location of peak 

xenon activity and full width at half maximum of the activity distribution 

in the trap (after 30-min flow at an air flow rate of 8 liters/min) is 
-1 plotted against the trav cross-sectional area for values of k1 = 115 sec 

-1 and k2 = 0.007 sec It shows that by increasing the trap diameter, for 

a given flow rate and temperature, the bulk of xenon gas would travel a 

shorter distance through the trap and dispersion of the activity zone 

would be less. On the other hand, due to the small heat transfer in the 

packed beds, and the very low thermal conductivity of the charcoal (2.4 x 10- 4 

cal/sec em deg C) at 24°C [147], a narrow-diameter trap would be useful, 

because xenon adsorption on charcoal is highly sensitive to the temperature. 

Hence, short tubular adsorber vessels, or containers with a similar con-
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figuration would minimize the effect of poor heat conduction on retention 

efficiency of the trap, and simultaneously would take advantage of re

duced linear velocity in a wider diameter trap, thus it follows that these 

are the most suitable traps. 

It was shown that by approximating the xenon activity profile in 

the trap to a Gaussian function, ~he mean and standard deviation of the 

resulting distribution, after 30 minutes flow, are 16.25 an.and 2.035 em, 

respectively. Therefore, a trap 20 em long, equal to the sum of the mean 

and t\vO standard deviations, would theoretically be ·sufficient to contain 

97.72 percent of the xenon activity during this period. Further, considering 

the low solubility of xenon in the blood, it rarely happens that the washout · 

period in pulmonary function studies extends over half this period. There-

fore, the length of the prototype xenon trap selected in the design of the 

recycling apparatus, is overestimated and may be reduced, as indicated 

below. 

As previously described (Section III-1,4), the prototype xenon trap 

had to be open to the atmosphere during the temperature rise, allowing 

possible xenon loss while warming up. Since the excess air volume adsorbed 

or desorbed from the charcoal during cooling or warming the trap decreases 

with trap size, reducing the trap size will eliminate the need to discharge 

excess air to the atmosphere and will shorten the period of steam flow 

through the trap. If the trap size is reduced to half, then for the same 

. experimental conditions, the volume of excess air would decrease to 1.5 

liters (Section III-1.4). Assuming that half the maximum air volume is 

released during steam flow (i.e., 5.5/2 = 2.75 liters), the total recovered 

gas volume would be equal to 2. 75 + 1.5 = 4.25 liters. Hence, without 
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reopening the trap to the atmosphere, it \vould be possible to recover 

xenon into this smaller 4.25-liter volume of gas. 

D. Consideration 1n Circulation System Dimensions 

Circuit one in the system is designed so that the ratio of the total 

lung capacity to volume of this circuit is as high as practicable, while 

resistance-free gas circulates between the subject's lungs and the spiro

meter. By the same token, the tube cormecting the outlet of the xenon trap 

to position #3 of the four-way valve (Fig. IV-4) is sized so that a minute 

amount of xenon in the air, possibly reaching the subject's lungs during 

washout procedure, is diluted to a great extent. 

E. Materials 

The other important factor considered in the design of the recycling 

apparatus is the solubility of xenon in rubber and plastic materials. 

To minimize xenon loss to these types of substance~, considerable atten

tion has been given in selection of materials used (e.g., oil-free pump, 

corrugated copper tubing, non-plastic containers, valves with metallic 

seats, copper cormecting lines). 

F. Recovery Method 

One of the major problems associated with the design of the apparatus 

1s the recovery of xenon gas in a small volume of air. Heating and evacua

tion methods proposed by others [80,92] were rejected in favor of low

pressure steam, which was found to give virtually complete recovery in a 
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small air volume. The total lung capacity of a heal thy average individual 

is about 6000 ml and it is usually lower in patients with pulmonary disease. 

In order to use recycled xenon gas efficiently, it should be recovered in 

gas volumes comparable to or less than the total lung capacity, so that 

a greater portion of xenon activity 1s distributed in the lungs during 

equilibration. It is not feasible, by heating alone, to recover xenon 

in the gas volume desired: for example, more than 7 liters of gas would 

be released out of the trap shown in Fig. IV-3 during 30 minutes of heating 

at 200°C while more than 50 percent of the xenon would still remain in the 

trap. Further, combining the evacuation process at dry-ice temperature, 

with later heating of the trap does not increase the xenon/air ratio in 

the recovered gas, even though this combination further complicates the 

simple operation required in such a system. However, as shown before in 

Fig. IV-3, it is easily possible by passing low-pressure steam through 

the charcoal trap, to recover xenon effectively from: a charcoal surface 

into a tolerable volume of gas. 

One drawback of using steam in xenon recovery is the production 

of carbon monoxide and carbon dioxide during this process. As was shown 

in Table III-6, after steam condensation in the spirometer the collected 

gas contains about 13.4% carbon dioxide and 0.003% carbonmonoxide. The 

presence of nontoxic co2 causes no problem since it constitutes a small 

fraction of the co2 volume exhaled during pulmonary studies, and is easily 

adsorbed by soda lime. If 4 liters of gas are collected .under the spiro-

meter, then the volume of co2 produced is 0.54 liters, while an average

sized individual expels some 0.2 liter of co2 per minute. Although CO 

is a toxic gas because it combines with the hemoglobin of the blood, the 
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concentration present is well below air quality standards adopted by the 

State of California (120 ppm for one hour average time [148]). Even so, 

by adding less than 100 grams of "hopcalite," a mixture of oxides of man

ganese, copper, cobalt, and silver, on top of the soda lime container, 

all the carbon monoxide would be oxidized to carbon dioxide. 

/ 
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GIAPTER V. 

MODELING AND QUANTITATION OF PULMONARY FUNCTION INVESTIGATIONS 

Analog scintillation camera images obtained by using radioactive 

particles and gases constitute an effective qualitative means for assessing 

regional ventilation and perfusion. Variation in regional image inten

sity is not restricted to changes in ventilatory gas displacement or per-

fusion per unit area, but depends on regional lung volume as well. The 

activity distribution in these images may be distorted by the nonuniform 

response of the scintillation camera as well as geometric and absorptive 

differences between areas of the lung. Furthermore, certain important 

parameters of pulmonary function such as the regional blood flow and the 

regional ventilation per unit of lung volume, and ventilation-perfusion 

ratios are difficult to estimate from sequential scintiphotos. 

To derive information more directly related to these clinically 

important physiological variables, a number of methods have been pre-

sented, which describe quantitative evaluation of ventilation and per-

fusion distribution in the human lung using a gamma camera and a data 

processing system [40-51]. In all these method~ ventilation measure

ment has been largely confined to the determination of the clearance 

constant of the 133xe washout from the entire lung or from a number of 

sites, assuming that for each site the disappearance constant is propor-

tional to the air flow per unit volume. 

In this chapter,'taking the respiratory cycle into account, a 

model is developed that introduces a new relationship between the clearance 

139 
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rate constant and the fractional air exchange for any area in the lung. 

Using the result of this approach and the Stewart-Hamilton equation 

[49-15], FORTRAN programs were written to process pulmonary function 

data obtained from the scintillation camera. These programs provide the 

combination of morphological and dynamic exploration of lung ventilation 

and perfusion with a reliable and exact reference to a great number of 

regions in the lung. The computer system used has been described in 

Section II I -1. 2. 

V-1. Functional Description of the Lung 

Lung function can be reduced to three basic aspects: ventila-

tion, by which the external surrounding air is exchanged for alveolar 

air; perfusion, or the amount of blood-exchanging gases per unit of time; 

and finally, diffusion, the movement of oxygen from the alveolar air to 

the blood and the movement of carbon dioxide in the reverse direction. 

The global function of the lung is to clear the blood or carbon dioxide 

and replenish it with oxygen. iVith a global or average minimal impair-

ment of any or all of the three elements, the final functional impairment 

may be larger if the different regions of the lungs have unmatched func-

tional elements. Indeed, a well perfused but unventilated region is 

totally inactive as far as the global function is concerned, as is a 

well-ventilated but unperfused region. A region could be lost even though 

well perfused and ventilated if the diffusion across the alveolar membrane 

is grossly impaired. 
I 

The basic element of the lung is an alveole through which a 

fraction fi of the total cardiac output is flowing per unit of time. 
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of air, and rene\vS a fraction V. /V. 
1 1 

of this volume by every respiration. In the subsequent derivations, 

unless otherwise stated, it is assumed: 

1) 

2) 

the· sum of f. 
1 

the sum of V. 
1 

is equal to. the total cardiac output; 

is the total lung volume; in other words, 

the bronchial tree volume is ignored; 

3) . the total expired air in every respiration is the swn of . 
v~ ' so that the bronchial tree volUiile is ignored in this 

1 

case as well. 

The respiratory movement at the alveolar level can be considered 

in the following way: During expiration the volume of the alveolus 

becomes smaller until it reaches 
. 

1 - v./V. of its original volume. 
1 1 

These volume changes are accompanied by gas flow fr:om the alveolus, and 

by minimal pressure d1anges. During inspiration the alveolar volume 

returns to its original value, with a corresponding inflow of air and 

no pressure changes. Good mixing is assumed and the respiratory cycles 

are of constant length. 

V- 2. The Alveolar Model with an Inert, Insoluble Gas 

An insoluble (in water or blood), inert gas, if mixed withal-

veloar air, is an exact indicator of ventilation because it does not 

diffuse into the blood and its kinetics are totally dcfincJ by the res-

piratory volume changes. In view of the basic respiratory movement at 

the alveolar level, the following can be derived: 
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If, at the beginning of the expiration the specific tracer ac

tivity in the alveolus is SA for volume V. , the total activity present 
0 1 

is SA x V. . During expiration the specific activity does not change, 
0 1 

so that at the end of expiration the total activity present is 

SA X v. X (1 - V./V.) 
. 0 1 1 1 

During inspiration the inspired volume has no radioactivity (we assume 

that the air was expired into an infinite volume so that the specific 

activity of the "outside" air remains zero; thus, the inspired air is 

nonactive). Therefore the total activity remains constant during in

spiration, but since there is a volume change, the specific activity 

changes. At the end of the first inspiration the specific activity is 

= SA 
0 

X V. X 
1 

(1 - V. /V.) 
1 1 

v. 
1 

th And at the end of the n inspiration the total activity is 

SA x V. x ( 1 - V. /V. ) n 
0 1 1 1 

In this way the specific activities and the total activities can be 

determined at different times in the respiratory cycle, and from one 

cycie to another. 

The function describing the continuous changes depends on the 

fw1ctional form of F. , the flow of air to the alveolus at each instant 
1 

of the respiratory cycle. To maintain a steady state in the long run' it 

is necessary that the integral of F. 
1 

but opposite sign to the integral of 

value of both signs is v. 
1 

during inspiration be of an equal 

F. during expiration. 
1 

The absolute 

.. 
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In general, the functional fonn of f. is not known, and the 
1 

time resolution of the measurements is such that it cannot be determined. 

If the activity is counted over intervals T , not necessarily corresponding 

to one respiratory cycle, the relationship between the data points and 

the functional changes in activity has to be determined. One can show 

that the equally spaced data points are fitted by an exponential whose 
. 

slope k. is related to v.;v .. 
1 1 1 

We have already shown that the total activity Ain at the end 

of the nth respiratory cycle is given by 

A. =SA. X v. X (1 - v.;v.)n 
1n 10 1 1 1 

(5-1) 

where. SA. is the specific alveolar activity before the first expira-
10 

·tion; v. 
1 

is the alveolar volume; and v. . 1 
is the integrated expiratory 

volmne corresponding to the al veo1us i . By definition then, 

Hence 

SA. X v. = A. 
10 1 10 

. n 
A. = A. (1 - V. /V.) 

1n 10 1 1 

(5-2) 

(5-3) 

The values A. are equidistant in time, situated at the times corresponding 
1n 

to the beginning of each respiratory (expiratory) cycle. If one full 

cycle is of duration 2T, then A. and A. ( l) correspond on the time 
~ ill 1~ . 

scale to A
1
. (t) and A

1
.(t+2T.) . The relation between A. and A. is also 

. 10 1n 

the relation between Ai(O) and Ai(2nT) on a continuous time scale. It 

is easy to show that if 

'' ' ' 
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and that therefore 

Tims 

A. (t+2T) = A. (t)e -k(2T) 
1 1 

A. (2nT) = A. (O)e -nk(2T) 
1 1 

k. 
1 

-k. (2T) 
e 1 

v. 
1 

= 1-v. 
1 

. 
Q,n (1 - V. /V. ) 

1 1 

2T 
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(5-4) 

(5-5) 

(5-7) 

By using these results schematically, it is easy to see in Fig. V-1 that 

for the same point in the respiratory cycle data points can be fitted 

to an exponential with slope k. = Q,n(l - V./V.)/2T 
. l 1 l 

It can also be proven that by taking counts over one or more 
. 

respiratory cycles, Fig:. V-2, the same relationship between k. and V./V. 
~ l 1 l 

exists. Starting at inspiration t = 0 , the total count c1 over the 

first respiratory cycle, assuming an equal respiratory and expiratory 

time, is proportional to 

! T + [2T [A. 1. (O) + A.(l) c
1 

Ai (O)dt ----.,2;----1
-

0 

Integrating, we obtain 

but 

A. (0) 
l Ai(O)T + 2 

Ai (1) 
T + 2 T 

dt 
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. 
A. (1) = A. (0)(1 - V. /V.) 

l l . l l 

By substituting, we .obtain 

h h th 0 • • 0 In the same way, t e total count over t e n resp1ratory cycle 1s 

and the total count over the (n+l)th respiratory cycle is 

. 
Cn+l = A. (n)T 2 - ~ [ 

v. J 
l zv. 

l 

or 

C l A.(n)T(Z- V./ 2V.) n+ _ 1 1 1 

~-A. (n-l)T(Z - V./
2
V.) 

l l l 

From equation (S-4), we obtain 

A. (n) 
l 

=A-=-.-,(-n ""'""-1....-) 
l 

A.(t+ZT) Ai(n) · 
-

1
.-A---,. (-r:-t""') - = A. (h -1) = l - V /Vi 

l l 

or 

cn+l - . -c-- 1 - v.;v. 
n 1 1 

(5-8) 
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Starting at expiration, or at any other point of the respiratory cycle, 

this ratio of the total cotmts taken over consecutive respiratory cycles 

remains constant. Actually, if the total cotmt is recorded for intervals 

of time equal to or more than one cycle, the ratio of cotmts over these 
. 

intervals is constant in equal to (1 - V./V.) . 
1 1 

I 

Assuming an exponential fit to the data, the total count c1 over 

the first cycle is 

I /2T -k.t 
c1 = A. (O) e 1 dt 

0 1 

Ai (O) [1 -
k. 

1 

-2k.T J e 1 

In the same way, the total cotmt C
1 

over the nth cycle is 
n 

I [n(2T) -k. t 
C = A. (O)e 1 dt = 
n (n-1)2T 1 

-(n-l)2k.T [l _ e-ZkiT-
A. (0) e 1 

--.---
1 k. 

1 

Over the (n+l)th cycle it is 

taking the ratio 

A (0) -2k. T -~ 
c~+l " ~i e-n(ZkT) [l -e 1 

I 

cn+l 
---,-- = e 
c 
n 

-2k.T 
1 

Equating the right-hand side of equation (S-8) ~md (S-9) 

or, as before 

V. -2k. T 
1-_!.=e 1 

v. 
1 

(S-9) 

(5-10) 

,. 

.· 

j 
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.Q.n(l- v./V.) 
k~ - - 1 1 

1 2T (5-11) 

We should also consider the case where data are collected (count 

integrated) over equal intervals which do not correspond to integer 
I 

multiples of 2T. In this 

the values defined by the 

case the values of C will be scattered around 
n 

function Ce-kt , but this error will not unduly 

affectthe definition of k and the relation in equation (S-11). The 

model therefore predicts that for a single alveolus, or a group of alveoli 

with the same fractional air exchange, the average count rate (over equal 

time intervals larger than or equal to one respiratory cycle) as a func

tion of time can be fitted by an exponential function where slope is 

related to the physiological value V/Vi 

V-3. Observation of Multiple Alveoli with Different Ventilation Rates 

Since the scintillation camera has no depth resolution and only 

limited resolution in the projection plane, one cannot obtain a spatial 

resolution which guarantees that the observed counts come from a single 

alveolus, or even from a set of alveoli with a common Vi/Vi and ki 

value. In this case, the sensitivity, counting efficiency, and activities 

used generally prevent the empirical function from being resolved into 

a number of alveoli with different k. values. 
1 

There are different alternatives. The preferred one is the 

detennination of the mean residency time for each region, equal to the 

reciprocal of the disappearance rate constant of the exponential func

tion representing the population of alveoli in the region being examined. 



By definition, the mean residency time, 

T = !
00

th(t)dt 
m 0 

T 
m 
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1s given as 

where h(t) 1s the frequency function of the transit time or the frac-

tion of activity at time zero, q(O) , leaving this element per unit of 

time between t and t+dt . 

where 

The remaining activity in the element at time t is 

t 

H(t) = J h(s)ds 
0 

For finite volume, the mea."'l. residency time is also given by 

This can be proven by an integration by parts [19] 

t 

= t [1 - H(tl] + f sh(s)ds 

or 

foo [1 - H(s) J ds = lim t [1 - H(t) J + /oosh(s)ds 
0 t-+oo . 0 

(5-12) 

(5-13) 

.. 

For finite volume, the first term on the right is equal to zero; 

therefore, 



l 

o.· o. ··• >.J 

/oo [1 - H(s)J- ds = /

00

sh(s)ds 
0 ' 0 

and using equations (5-12) and (5-13), we get 

. 00 

f q(t)dt 
0 T = ---,.~-m q(O) 

1 
- k. 

l 
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(5-14) 

Although this equation was originally devised to measure cardiac 

output, Zierler has shown that · it applies equally well for measuring 

blood flow per unit volume where external detectors are used [152]. If 

the region under examination follows a single exponential process, the 

height-to:-area relationship measures the disappearance rate constant of 

this process. If more than one exponential process is involved, as is 

likely in patients with obstructive diseases of the airways, the height-

to-area relationship measures the mean rate constant of the various com-

ponents. Ventilation, as the mean fractional excharige of air in each 

region of the lung, may be calculated by using this approach and expres-

sion (5-ll). 

V-4. Description of the Computer Program for Processing Pulmonary 

Function Data 

The computer program starts by reading coded information about 

the patient (name, sex, age, date of exploration) and the data collec-

tion procedure (rebreathing time, time per frame during washout, patient's 

respiratory cycle per minute). This patient infonnation is printed at 

the beginning of each page in the final print-out. 
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The camera detects a general field composed of activities from 

the lungs, chest wall, and background. These data are also stored by 

the computer system that organizes them into frames of 64 x 64 element 

arrays. The stored data may first be processed by a general purpose 

program, which corrects the data for the nonuniform response of the 

gamma camera and for the deadtime loss of the system. To improve counting 

statistics and to simplify calculations, the size of these arrays is 

reduced to 16 x 16 elements by adding the counts of four adjacent 

elements in the array. Next, the maximum counts in the reduced equi

librium ventilation and perfusion frames are determined separately. 

On this basis all the counts in each frame are normalized to a respec~ 

tive maximum so that they range from one to ten. This method of nor

malizing the equilibrated ventilation and perfusion data allows deter

mination of the level of tissue background cutoff by direct comparison 

of the lung margins. 

The time activity curve for each of the 256 elements in the 

array is generated during the washout procedure. The mean rate constant 

for each element is then calculated according to equation (5-14) by 

dividing q(O) at the beginning of washout, corrected for the back

ground, by the sum of the counts under each time-function, againwith 

correction for background activity. The background correction method 

is described in the following section. Next, by using equation (5-11), 

ventilation or fractional air exchange, V/V , for each element is 

determined. 

Fractional perfusion, P is obtained for each region of the 

lung by adding all the counts in the perfusion frame and dividing the 
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counts in each element by this.sum. The counts are found for each 

element in the equilibrium ventilation frame and corrected for tissue 

background. Then the corrected counts in each element are summed and 
\ 

the normalized volume distribution of xenon activity, V , in the lungs 

is determined by dividing the corrected counts in each element by the 

sum. Next, the ventilated volume, V , for each region is calculated 

by multiplying V/V by V, and the ventilation-perfusion ratio is deter-

mined by dividing V by P Finally, two new parameters are introduced 

for further assessment of lung functions 

Perfusion Ratio PV (5-15) 

and 

Functional Volume Index PV V 
- z cF>2 + v2) 

(5-16) 

The value of these new parameters will be compared with the conventional 

V/P in future studies. 

V-4.1 Background Correction 

Since xenon is only slightly soluble in blood and more soluble 

in fat, during the period of equilibration a small amount of xenon gas 

is taken up by the blood and carried to the body tissues, including the 

chest wall. As a result, the counts recorded are from the underlying 

chest wall as well as from the lungs. The amount of xenon in the chest 

wall increases rather slowly and if the rebreathing time is limited to 

a few minutes, the chest wall activity will be rather small. In well 
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ventilated areas, xenon clears the hmg very rapidly: essentially 

complete washout in these areas is usually achieved in about one 

minute. 

To correct for the contribution of chest wall radiation to the 

total external count rate, the following method has been incorporated 

in the calculation: First, by comparing the normalized equilibrium 

ventilation and perfusion frames, the percent level of background cut 

of in ventilation frame is specified such that the outline of the lung 

is siniilar in both frames. A background count "leveli' is then obtained 

by multiplying the chosen background fraction by the maximum count in 

the equilibrium ventilation frame. A frame is then selected with a 

washout time beyond that at which the normal hmg is clear. In this 

frame all the elements which have counts greater than the background 

"level" (i.e; , areas of abnonnal lung) are set equal to zero, the rest 

are set equal to one. In this way a frame is obtained where locations 

with background counts are marked with unit value: we call it a "mask" 

frame. All the washout frames existing after the selected frame are 

then multiplied by this mask frame, and the sum of the counts in each 

frame is obtained. An average background count is then calculated for 

the elements labeled one. By using the least-square method, the logarithms 

of these counts are then fitted to a straight line, and the slope is 

found. Now a frame, called a background frame, is formed in which all 

elements in·the selected frame with counts greater than the background 

counts, are given the average background count, and for those elements 

in the selected frame with counts below average background, the slope 

of the time-function for that element between selected frame time and 
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the end of the study is checked; for a positive slope, the corresponding 

element in the background frame is set equal to the average count over 

the time interval between the selected and the last frame of the washout 

procedure; and for elements with a negative slope, the actuai value is 

used in the background frame. Finally, the counts in the background 

frame are extrapolated back to values at the begiru1ing of the washout 

by using the slope of the logarithm of the sum of the counts obtained 

from the designated background elements. 

V-4.2 Computer Print-Out 

A patient, F.J., with mild obstructive airway disease was studied. 

TI1e following scintiphotos (Fig. V-3) and print-outs were obtained. 

They show minor variability in ventilation and perfusion with reduced 

ventilation on both apices. 



., 

Single Breath 

Washout 
(2.5 min) 
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Equilibrium 

Perfusion 

XBB 764-3501 

Fig V-3. Selected scintiphotograms obtained during a 
pulmonary function study. 
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FRACTIONAL PERFUSION 
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This display expresses perfusion data per element as a fraction of the 

total activity in the perfusion frame. 
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This display presents the fraction of air exchange per breath in ead1 

element, i.e., V/V. 
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VOLUME DISTRIBUTION 
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This displays V per element, which is a measure ·Of relative voh.une 

distribution . 
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This display expresses the ventilated volumes (V) per element, which 

are the product of volume distribution (V) and ventilatio~ fraction/ven

tilation (V/V). 
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This display represents a measure of ventilation-perfusion ratio per 

element. 
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This display expresses the functional volume index per element, which 
. . • 2 . 2 ' 

is the product of the perfusion ratio [ PV/2(P + V ) ] and volume 

distribution (V). 
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APPENDIX A 

The following program, in FORTRAN, language, was used to 

evaluate and plot the xenon activity distribution in the 

adsorption column, expression (2-70). 
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FRCG~AM tGSLRFT<l~PLT,OLTFLT,TAPE3=0LTFLT) 
f.C:Al K1,K2,k.,KK 
L I ME N S l 0 ~. F I ( 2 ) , C ( ~· ,' '· ) • Z ( 5 C iJ ) t C N C R M ( 5 ij u ) 
C 0 nr1 0 N K l , K 2, K K , X , Y , C C. , S LA~ G t C 
[ITE~N~~ F1,F2,Gl,G2.H~ 9 h2 
t=R11'-iT :L ~1 

1.·.~1 fOrMATL.I-1) 
i;t<lNT ::..uOO 
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1.:~0 FGfd'1AT L:SX,Sn-tXti'-.CI' 
1 1l.t:~,1:;>,'+1-<G(X)) 

r;:u,O .30~ ,MAXI gt 

CCNCENTRATION GK ChARCOAL VS. LENGTH ALCNG T~E TU9E> 

3~0 fC~MATli4,Fb.3) 

f;EJ.LJ 2• ,K1,K2 
200 FGr;.M><T L.F13.E:} 

f.\Lt:.U2. :it ;u.., Z2,0ELZ 
2~1 FOFM~TL)F13.3) 

~Lt.O t.:G,T 
'ilG FOi-.MAT 0::-1~.~) 

f'f.£.L ~:2,CO,L 

202 fO~MAT(f1G.L,F1G.3) 

t:. = s. ' 
VOIL;=.7:. 
vSF:::E:f:SG .u 
fLGW=U~~"'VOl0•6~.C 

~LD~D=FL(h/(V~~·EC.~•VCl[) 

r<o.:kl/K:.. 
K i<::: K 1."' 1<.::0: 

P~lNT ~2~, MAXI,E 
~~0 FO~MAT (/,SHMAXI:,I4,/,2hE= 1 Ft.3,/) 

f.'RJ.Nl 1tK1,K2 
1 FOhMAT U,3!-iKl=,F1G.o,/,.31-K2=,F1!},b) 

F~!NT 2uS,Z1,Z2,GELZ 
.5 FOFMAT (!,!,9hCR1GINAL=,Fl0.3,/, 6HFihAL=,F13~3,!, 

:t-..T ,F.~l .... ,l ,/) 
FRHH 2.~3,T 

... ,·, F C: f. MilT U , 5 H 1 1 ME=, F 6. L• , I) 

FRHJT 3,fJ,VOIU,FLOW,~LAt\C 

' F 0 RM ~ T U , I , I, 5 H A i' E A= , F l c. 3, I ,1"+H V 0 I C F RA C T 1 G t-. = , F ~ • 3, I, 1 iJ HF L C W ~ tl T E =, F 1 C • ~ 
(:::,~l~.3,1,~HLANCA=,F1C.~,5X,tH11SEC.) 

L'= <t<..:::-"CJ)/SLt..f\U 
Fr;;INT ':F:IG,C 

~q ,; F 0 K M A T (I , 2 h U = , E 1 2 s lt ) 
~R.TNT c., ~.cc,u 

20~ FU~MAT{/,12HINfLT COLNT=,Fil.J,/,16HLINEA~ VELGCITU=,F10.3) 
f\ \; :·~::: IN T ( ( Z 2 -l. 1 ) ICE L Z t 1 tl.l > 

I() 3,.; l=l,Nlil" 
/ ( l)::: (j. 

l.(J)=~· 

CNC;;o:M(I)=ti • 
.30 CONTI~UL 

I=, 
lPCl!H::._ 
FRINT !t~C 

~OJ FORMAT(/~/,1,1LX,6~LENGT~,l9X,131-COt-.CE~TRATICN,27X,1uHNC~MALIZfG) 
[ 0 . 5 G J:::: 1 , 1'. U 1':' 

:.·· 

; 

~ . 



0 0 5 
I= I+.:;. 
IPCINT=lFClNT+1 
Z<I>=FLCATtl·1) 4 0ELZ+Zl 
X= Z ( I} /U 
Y= VOIC" ( T-X) 
IF<T.LL.X) GC TC ?;~ 

F= 2'~-::.>G.l-'zT (KK •;.•y) 
PRINT ~' C,P 

~ J ~ F 0 F;M AT k 1- P = , E 1 t. 4) 
~ CC:EXP{-(K1"'X~K2 4 Y)) 

lF<P.£Li·~·> GC TC .H 
G 0 T U 3~.t 

:!1 FI (1)=1• C 
FI C2l=l·i.. 
CO TO 3.3 

14 CALL BfS~IS(F,2,FI) 

.33 Cl=-Kl~Fl(l) 

s 0 

CALL SIMFStO.,X,E,MAX!,FJ,XIP,INCEX) 
C3=-K1"'XIF 
CALL SIMFS<L.,Y,i,MAXI.FZ,XIF,INGEX) 
C4=(K2-l.J)"XIP 
CALL SlMFS(t.,Y,E,MAxi,Gl,XIF,INGEX) 
C5=-K1"'<C-CC)•XIF 
CALL SIMFS(Q.,Y,E,MAII,G~,XIP,INOEX) 

Cb=-K1"'CK2-0)•XJF 
C7=+Kl"'LXP(K1•X) 
CAll S IM F S ( 0 • ,p .t t: , MAX I , h ; , X I P, INC EX ) 
CB=Kl•XIF 
CALL SIMFS<O.,Y,E~MAX1,~~,XIF•INCEX) 

C9:(0-C(J)"XlP 
C(ll=C~"<C1tC2+C3+C~+C5+C6+C7+C8+C9) 
CNCRM(Il=C(l)/CC 
FRitH t:b,Z(U ,C(l) ,Cl\O~f"'(Il 

66 FOhMAT< 5X,f1J.3,1~X,E2J~4,2LX,E20.4) 
su co~,rrt-..Lk 

/Mi<X=G• 
CMAX=.J. 
~::JM--:::j • 

CO lG l=l.IFC!NT 
lF(C(Il.LT.{:.l GC TC 71 
IF<C<I>.LT.CMJl)() GO TG 75 
CMAX=C<I) 
LfHX := Z (!) 
(; 0 T C 7S 

71 Ctil=O. 
75 ~UM=SLM•C<Il •A•lELZ 
7-:J COI-jT INu:::. 

FRINT 72,CMAX,l~AX,SLM 
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72 FO~~ATl~(/),i4h~AXIMLM CCUNT=tL1S.4,lJX,dHLENGT~E:,F10e3,9X,14HSUM 
1 OF CCLNT~=,~18.4) 

F=CO•v~~·C1.-EXP(-(fLCw•l)/(VSF•60.))) 

F R IN T S ·' L li , F 
~-• fO~MAT( 1,29HXENCN ATCMS PUMPED INTO TUB~=,E20.4) 

CALL PFLT(Z,C,Z1,Z2,G.,CMAX,~L~) 

STCP 
ENL 
FU~~CTION fl (SY) 
COMMOh Kl,K2,KK,X,Y,CG,SLA~C,C 

Cif",ENSiut- fl(2) 
kFAL Kl,I<2,K,KI<.. 
F = (;": ""' S C F: T I KK "' Y II ( X - S Y } ) 



IF<P.NL.\...) GO TC 1J 
FI<l):::1.C 
FilZ.)::i. 
GO TO 11 

10 CALL BES~IS!F,2,fl) 

11 f1=Kl•EXF(K1•SY)•FI<1l 
F: t. TU i·d\ 
ENC 
FLi\CTICN f2(SY) 
COMMON Ki,K2,KK,X,Y,CC,SLA~C,[ 
ClME:i\iSlOI\ Fl(2) 
~E.AL K1,K2,K,KK 
F=Z•SCRT (KK.•X• 0-SY)) 
IF(P.Nl.L,) GO TC 10 
FI!2):::(.. 
GO Tu 11 

10 CALL ElSI\ISCF,2,FI) 
11 f2= tt:XF(K2"'SY))~~'(SQRT((KK•<Y-SY))/X))•FIC2) 

F-ETL;Rt-. 
END 
F U f'I.C T I ON G 1 {l U) 
R£tl K::..,K2,K,KK 
Cll"£NSlCI\ Fl(2) 
COMMGN Kl,K2,KK,X,Y,CC,Sl~~C,C 

P·=2•SCRT (KK•x•.(Y-ZU)) 
lF<P.f'.<E,G.) GC TO 10 
Fl (1):1 • .; 
GC TC li 

10 CALL BE~~IS(F,2,F!) 

11 Gl= ([XPC(K2-SLAI\C)•ZU))•fl(1) 
f't:. ru;<N 
t..NU 
Fut\CTIGN G2{ZU) 
F\i:?./J.l Kl.KC:,K,!<I\ 
C H1 F N S I 0 1\ f I ( 2 ) 
COMMON KltK2,KK,X,Y,CG,SLANC,C 
!==2-"SCRT (KK•X•O-ZU)) 
IF <P,NE.. G.) GO TG 10 
f I ( 1 ) = .l.. :: 
GO TO 11 · 

10 CALL BES~lS(F,2,fi) 
11 G2= tEXP<K2•ZU))•FI(l) 

t;ETLR~ 

ENC 
FUI\CTlONt-'1 tZE) 
f.<. I:. AL K 1, k 2 ~ K, K K 
LIMEN S IG f-. F 1 ( 2) 
COMMON K~,KZeKK,X,Y,CC,SLANC,C 
[ U M= X- (( 2 E..,. l E ) I { 4 • iJ ""K K "Y ) ) 
IFtZE.NE.O,) GO TO 10 
fil2)=G.t 
Gu TO 11 

1J CALL BESt--IS(ZE,2,F!) 
ll rl= EXP<K1 4 0U~)•FI(2) 

R[TU~N 

ENG 
F U f'I.C T I uN H 2 ( S Y) 
COMMON K1,K2,KK,X,Y,CC,SLANC~C 
l:IMENSlUt\ FIU) 
f\£Jll Kl,K2,K,KK 
F=i::.•SGR.l CKK•x• (Y-SY)) 
IFCP.NL.O.) GC TO 10 
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Fl(2)=~. 

C::O TO 11 

0 '·0 . r 
~ .; 

10 CALL Bf.StdS (F ,i.: ,FU 
11 H2=<i::~XF'((K2-SLANCl"SYI•SQRT((KK"(Y-SY))/Xll•FI(2) 

~E.lURI\ 

t:NC 
SUGROUTll\i SIMP~ (~,E,E,M~Xl,Xl~lG,Xl~,IhUEXI 

FAFC=XiNTG(A)+XII\TG(8) 
XH=£l-~ 

• ~l~=x~•.s 

x..;=;..If.<~;:: tFe 
XNLW::A+XI!< 
Xr1A=XIF\/.S. 
INLLX=v 

. 

lOJE FN~WX:XI~TG(XNEh) 
1.': ' 1 If ( I N Ct. > • G T • ;,.. ) G 0 T 0 1 J i.• ! 

Xl::XHAIJ(FAF2+FNt.hX""+•) 
1~~4 XJ=(XJ+~I•3.)".25 

l N GL X:::: 1\J [;:X+ 1 
IF <It'-.i!J~)I .GT. MAXU GO TC 10C9 

1 -- 1-f; )I H =X 1--Hil • :; 

XNEW=A+Xt-• o5 
::::= G • 
lF tXNUi .LT. Ul GC TO .l.L.C6 

1 .. ~ 7 X IF= (X J +X H • 2 • • S) /3 • 
IF tAUS CXIP-XI I oLE. ~es <E"XIP) I GC TG l~ ~9 

11.,8 xi::XIF 
GO TO :.,,;l.-4 

luiJ3 ~:C.::S+FI\t:WX 

XN[I-i::XI\E~+Xt-

liiOS ~f:.1UkN 

cNC 
SU8RUUTII\E BESNIS(X,NMAX,FI) 
LIMENSIO~ FitNMA>), Pit473) 
CATA MAXX/4LL/,M~XN/~l/,~INCEf/17770~~LJLuj~~OuU~000/ 

., I'AXX= MAX Vt.LUE CF X ALLChEC .LEe1u~ 
C ~AXN-1:::.MAX ORDEk THOT ~ILl BE RETURNED oL£.50 
C FI MUST fE OIME~SIGN~C TC MAXX+ ~UMAX+3 

c 
·--
c 

f\ 0 1 E T ~J.. 1 ( -1 iHi • L E. X. L C: • 1\H; ) 
XX::: A8S(X) 
IF ( N MAX. G T. MAX N ) G G T C l J ;; (H., 

IF <XX.GT. aL.Lul) GO TO 1iJC 
CGMME~T SE~IES EXPANSIO~ USED FO~ SMALL X 

~HCUL~ BE CCOC TC 13 SlG FIGURES FCR X.LE •• 00~1 
~-1 IS T~E C~CE~ CF l(X) 

hi= N-l 
lZ= x•.5 
SUM::- 1.C+TZ•TZ/N 
F = -.l."' 

F F::: 1. i.i 
CO 52 l=ltN1,1 

F=F•Tl 
FF=FF~I 

5Z COI~THWE 
lF<t~l.i:..Q.I)) F=1.~:1 

FIH-.d= F/FF•SLM 
5b COI\TII\LL 

H .. TUkN 
C COMMENT CChNhARC RECLRSlCN 
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lGO CQ~,TlNlJl 

SUM=v• 
I= IFI.x.OX) 
IF<I.GT.~AXX> CClO 10000 
1\ACG= 16-NMA,< 
IFCNACG.LT.3> NDG0=3 
~M~X= l+I\KAX+NAC( 
TZ=2./XX 
..;M2 = JMtX + 2 
Flt.JH2)::: OoC 
F :i ( J 11 A X t l ) = 1 .. E - 5 ~· 
CO 1 J=:,JMA>c 

K= JM2-J 
0 1<.= K-1 
Pl(K-1l=OK•Tz•FI(K)+PICK+1) 
SLM= SUM+Pl(K) 

CONTINUE 
::.UM=SUI'i+~UM 

A:::EXP(XX)/(Pl(l).SUM) 
CO 2 t\:::;.,1\MAX 

F I ( N ) -= A • P I { t~ ) 

CONTINUC 
lF C"X.G£..>; .• u) RETuRN 
CO I+ N= 2,NM.!IX,2 

fl(N)::: -Fltl\) 
c. CUI\TII\Uf.~ 

f.\ETURN 
.l.u:~.;O COI';TINLt: 
C COMMENT E~RC~ EXIT ,~kGLEMENT CUT OF RANCE 

XX=RINucF•RlNC£f 
i-<t.TURN 
ENtJ 
SUeRCUTII\E PfLT (X, Y, XMIN, XMAX, YMIN, YMAX, NUM) 

c 
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C THlS 5U3~CUTINE• GIVEN A. SET CF t\ X-Y CCO~CIN~TES, hiLl PLCT T~E~ 
C [Y THIS riCLTHd:. ~NO CUT CF RAI\G£ PCif\TS ARE IGt\C~EO 

C CN A 51 2Y lJl XY GRID-----------THE X ANY Y ARRAYS ARE UNAFFECTEJ 
c 
c 

C I ME 1\ S 1 0 1\ X Cd , 't (:!. ) , > G ~ It;( 11 ) , Y G R IC (1 :;. ) , G I' I C (1lJ 1 ) 
=r~~NSIO~ HLA(37) 
CA1A (8LA(l),I:::l,37)/1~ ,lH 4 ,1H2,1H3,1H4,lH5,1HE,lH7,1H~,1H9, 

lhAt1h~,l~C,l~C,1HEt1~F,1~G,lhh 9 lbl 9 1HJ,lHK,1~lt1H~,l~~,1HC,lHP, 
~hG,1H~,1~~,1~1tlhL,l~V.l~h,lb~,1~Y,1~Z,1HI/ 

INTEGER BU'..,GRIC 
2..,; Tl = (Xi1AX - )(,'1Ii'd I ;;.,;. 

T2 = (YMAX- YMI~) I ic. 
XGf\ILHl) = XMIN 
YGf.;ICL.l ::: Yf'lf).~, 

CO 25 I = 2, 11 
XGkl~(l) = XGRIC<I - 1) t T1 

2~ YGFdlJ( I> = YGI'.IL (I - 1> - T 2 
1--~lTE (3, 35) 

35 FO~MAT (1Hl) 
CO <ti I =- 1, 3 

'tl; WRITE (.3, 45) 
45 FO~MAT (~uX, 1H~, 1Gtgx, 1H•)) 

L = l 
,. = l 
CO 65 K ::: 1, 10 



SG GRID<I)=l 

C::: tvfitAX • (Sl.- A) + YMit-i • (A- 1.))1 ?U. 
CJ 53 IL = 1 9 NL~ 

I F ( A 8 ~ ( C - Y (l L )) - {Y M A X - Y t1 I f\ ) I l J .; .) '+1 t S 3 , 5 3 
Lt1 IXF = :i..,i..e ~ (X (IU - xMIN) I CXMAX - XMIN> + 1.~ 
5 1 IF (I X F • G E • 1 • tl !\C. I X F • L. E. • h l) G R I 0 fi l< P ) ::: G R I 0 <I X F ) + 1 

o • SS COJ',;T INuf. 
52 co 54 J~=1tl~l 

J 2. = 1'1I r-. w u:; R I D ( J 1 l .3 i ) 
54 G~lC(J~):::8LAtJ2l 

YIRITE C~,?S) YGfdfJ(l.l,(CfdO.{I), I= l.t liJU 
~=M+.l 
r; :;. N + 2 
CO 6 ., J - N 9 M 
LG 55 I = 1, h 1 

5~> GRlOOl::l 
f.=..i 
c;::: {YMA.X 4 (51. -··A) + YMlf'i • (A- 1.))1 5J. 
CG 57 IL = 1, NL~ 
IF (AJS<G - Y <lU l - (YMAX - VMIN) I H;J.l 46, 57, 57 

itt lXf~::: L :. • (J!(ll> ~ "t"lt\) I (Xf"AX - XMlN) + 1.~ 
56 IF(lx.P.f.,fel .ANC. IXP.LE:.lOU GRID<IXPl:GRIO<IXPl+1 
57 COI\TII'.L~~ 

LG 5CJ J:=i,l•.d. 
J2=MINOCGRIO(Ji),3/) 

S9 C~IC<Jl):8LA(J2l 
61J hR.ITE. (3,76) GJdC.. 

"' ::: t1 • 1 
bS L = L .1· l 

cc 66 1 = 1,·1u1 
6b GRli.HU=l 

[ 0 72. IL = 1; NLf' 
IF (A8S(YMIN- Y(IL)) - (YMAX- VM!N) I 1 ... 0.) 6<3, 72, 72 

€:9 lAP= 1UC. ~ (X(.i.L) - tMlN) l (XMAX • XMlN) + 1.5 
7u IF<L<P.G£..1 .ANC. TXP.t..~.H.l) GRIO<IXP):(,RIO(!XPH1 
12 COt--Tif\L;~ 

71 co 73 Jl::1,101 
.:2c::Mik (GF.IOtJ1),37l 

7~ GR1U(Jl)=8LA(J2) 
~RITE (3,751 YG~10(11),(G~IC<I>, I = 1, 1~lt 

7 S F C R M A T ( 1 \, X , 1 P E S • 2 , .:.. X , 1 ~. 1 A 1 ) 
76 FO~MAT (iGX, 1~1~1) 

CO 80 I = 1, 3 
du ~'RITE (3, <+S> 

V. R IT ::. ( 3 , 8 S } (X.G R HH 1) , I :: 1 , 11 ) 
~ 85 FO~MAT <16X, 11l1PEg.2, lX)) 

f<ETU~N 

fNC 
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APPENDIX B 

Listing of the FORTRAN program written for the Heill1ett

Packard 5407-A Scintillation Data Analyzer to process 

pulmonary function data obtained from an Anger scintilla

tion camera. 
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PRI) GRAM P'\JEU 
DIME~SION AC5>,INC4>,IAC4140>,XC256>,IBC256>,IXC256>,ICC256> 

l,YC 16> 
C0MMI)N A,IN,[A,IB,IX 
EQUIVALENCE < IB< 1 >,; XC 1 > > 
EQUIVALENCE <IAC1>, ICC1>> 
FRITF:C2,100> 
t.TH IT E ( 2 , 1 0 1 ) 
RF. AD C l, 1 02 ) < A C I ) , I= 1 , 5 > , ( PH I ) , I= 1, ll ) , t 1 , T 2 .;V .. 
lL INF:= 64 
I PAGE= 0 
CALL PAGE CIPAGE,ILINE> 
L= 1 
M= 1 
CALL RE.AD <L,M,IAC 1),!{) 

Dr') 4 J=1,409t; 
XC 1 >=FL0AT< lA< J> >*T2/T 1 

4. IACJ>=IFIXCXC 1>> 
CALL WRITECL,M,IAC1>,Kl 
Dr) 8 L=33, 31-I 
Dr) 8 M=1,16 
Mri1=<L-33>*16+M 
I K= 1 
CALL KFAD CIK,MM,IAC1>,K> 
nr) 1 3 I= 1 , 64, ll 
Dr) 1 3 J= 1 , !';II , 4 
IK=<CI+3)/4-1>*16+CJ+3)/4 
IBC H0=0 
D!) 1 3 I L= 1, Lt 

no 1 3 IM= 1, .4 
MM=<I~IL-2>*64+CJ+IM-1> 

13 IBCIK>=IBCIK>+IACMM> 
IK= 1 
CALL READ CIK,L,IAC1>,K> 
D!) 17 J= 1, 25 6 
MM=<M-1)*256+J 

1 7 I A C MM > = I B < J > 
CALL WRITE<IK,L,IA<1>,K> 

8 CONTII\TUE 
DO 29 L=33,31-I 
CALL READ CI!{,L,IA<1>,K> 
XCL>=0• 
DO 25 I=1,256 
J= <L- 33 > *3840+ I 



IFCIFIXCX<L>>-IACJ))26~25~25 

26 X<L>=FLOATCIACJ>> 
25 Cil\JTI\TUE 

DO 2 7 I = 1 ~ 2 5 6 
J= CL-33 > *3840+I 

27 IXCI>=IFIXCFLilATCIACJ>>•10./XCL>> 
J= < L- 3 3 > *3 1 + 1 
IFCILI\JE-40>22~22~28 

28 CALL PAGE CIPAGE~ILINE> 

22 ILINE=ILINF.+19 
WRIT£<2~103> J,XCL>. 

2 9 v!R I TE C 2, 1 04 > I X 
HHITE<2~105) 

HE AD C 1 , * ) MM 
ILINE=ILINF:+2 
RG=FLilATCMM>*XC33)/100. 
L=31-! 
CALL HEAD CIK,L,IAC1),K) 
DUM=0• 
Dr) 35 J= 1~ 256 
L=3840+J 
IFCIACJ>-IFIXCBG>>36~36,37 

36 IBC J)= 1 
GO TO 35 

37 IBC J>=0 
35 DUM=DUM+FLOATCIACL)) 

DO 5 L=381-!1,4096 
J=L- 3840 

5 IXCJ>=IFIXCFLOATCIACL>>*10000./DUM) 
CALL WHITEC3,4~IXC1>,K> 

CALL PAGECIPAGE,ILINE> 
l,o'H IT E C 2 ~ 1 1 3 > 
i•'R ITE C 2, 1 1 0) I X 
I L I \J E= I L IN F + 3 5 
Dil 3 8 J= 1 2 9, 1 L! 3 
X< '-J)=Cl• 
D!1 39 I=1,256 
MIV!=CJ-129>*256+I 

39 XCJ>=XCJ>+FLOATCIACMM>*IBCI>> 
38 X<J>=ALOGCXCJ>+0.01> 

D!l 3 0 I= 141-!, 14 7 
30 XCI>=0• 

DO 14 0 J= 12 9 ~ lLl 3 
XC144>=XC144)+FLOAT<J-128+16) 
XC145>=XC145)+FLOATCJ-128+16>**2• 
XC146>=XC146)+FLOATCJ-128+16>*X<J> 

40 XC147)=XC147>+XCJ) 
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SLOPE=CXC146>*15.-XC 144>*XC147))/CXC145>*15.-XC144>*XC144)) 
DO 4 1 J= 1 , 2 5 6 
DUM= 0 • 
D1l 4 2 I = 1 , 1 5 
MM=CI-1>*256+J 

Lt2 DUM=DUM+FLOATC IACMM>*IBC J)) 
IFCIBCJ>>43,43~44 

43 IXCJ)=IFIXCBG*10.) 



0 0~
~ 

l r 
'). 

r0 TQ Lt1 
LILt IFCSLOPE>Lt6~Lt5~Lt5 

Ll 5 I X C J ) = I F I XC D 1 J!VJ * 1 C1. I 1 5 • ) 
Gf) T f") Lt 1 

~ 5 4 
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•• Lt f:. DUM= DUM* l(il • * < 1 • -F. X PC SUl PE > ) I< E X:P < SUl PF. * 16 • >- EXP < SLOPE *3 1 • > > 
IXCJ>=IFIXCDUM> 

Lt 1 C()l\JT INTJE 
L=33 
CALL READ< l!\ILI IA< 1) I K) 
Df"J 31 J= 11 25 6 
IF<FL()ATCIACJ>>*10.-FL()ATCIXCJ>>>32~31~31 

~2 IXCJ>=IA<J>*10 
31 CI)1\JTINUE 

I K=3 
L= 1 
CALL WRITF.CIK~L~IXC1>~K> 

n•l 50 J= b 256 
50 !X:CJ>=IFIXCFLOATCIX<J>>IBG> 

I K= l 
D() 5 1 J= 11 25 6 

51 XC Jl=0• 
D() 53 L= 33~ 3L-t 
MM=16-L+33 
CALL READ <IK~L~IA<l>,K> 

Df"J 5 3 J= l1 MM 
D() 53 1=1~256 

M=<J-1>*25()+1 
53 X<I>=X<Il+FL0ATCIA<M>> 

L=33 
CALL READ CIK~L~IA<l>~K> 

D() 5() !=1,256 
J=256+I 
L= 51?.+ I 
IA<L>=IACJ> 

51) IA<J>=IACI> 
I K=3 
L= 1 
DUM=(~. 

CALL READ <IK~L~ICCll~K> 

TYl 54 1=1~256 

J=2 ~6+1 
L=512+I 
BG=<FLQAT<IA<J>>*30.-FLOATCIACL>>*10.li2.-FL0ATCICCI>> 
IFCBG>80~80~81 

80 RG=.01 
81 DUM=DUM+BG 

IFCSLOPF.>57158~58 

57 XCI>=XCI>-FLOATCICCI>>*<l.-F.XpCSL!)PE*31.>>1Cl0.*Cl.-EXPCSLOPE>>> 
IF<XCI>>60~60~59 

58 XCI>=XCI>--FL0ATCIC<I>>*31.110. 
59 IFCBG-0·8*FL0AT<ICCI>>>60~60~61 
1',0 XCI>=l000. 

GO TO 5LI 

61 XCI>=X<I>*l0.1BG 



5h XCil=XCil*T2/~000. 
L=2 
CALL l-ii"UTE.C ll{,L, IBC 1 ),K) 
L=3 
CALL t,~!HITF:CIK,L,IXC 1),!{) 

Dl1 6 P. I= 1 , 2 56 
XCI>=l./CV*X<I>> 
J= 25~+ I 
L=512+I 
!:{= 7 6 8 +I 
RG=CFL0ATCIACJ>>*30.-FL11ATCIACL>>*10.l/2.-FL0AT<ICCI>> 
IFCDG>82,82,8~~ 

1~?. !lG=.01 
83 ICCI>=IFIXCDG*l0000./DUM> 

IACK)=!CCI> 
~;?, lAC J)= IFIKC ,{(I >*FLJ)AT-< ICC I)) *10.) 

CALL PAGFCIPA~E,iLI~F:) 
V!i.ITFCP., 1C')7) 
n'l ?OC\ I= 1, 16 
Wl 3 00 J:: 1, 16 

300 JJ=CI-1)*li;+J 
~·lRI TF. C 2, 108) Y 

200 C'!!\JTI\TUE 
ILI!\JF.=ILINE+35 
CALL PAGF:CIPAGE,ILINE) 
l,TRITEC2, 109) 
v.'RITF.C2,110> IC 
ILINF.= ILII\JE+35 
CALL PAGF.CIPAGF.,ILI~E> 

l!'H I TE C 2, 1 1 1 ) 
t.·!Ji.ITF.C?.,110) CIACI>,I=257,512> 
I L IN E= I L I 1\JF. + 3 5 
CALL PAGECIPAGE,ILI!\JF.) 
C 1\U. I WAf) ( 3, II, I A ( 1 0 2 5 ) , K) 
;·~ ( 2 5 6 ) = 0 • 
RG= (~. 
nq 7 0 J= 25 7, 51 2 

70 P.('..: :BG+FL0ATC IA< J)) 
D'1 7 1 I= 1 , 2 56 
J=256+I 
1{=768+I 
L=102LJ+I 
DUM==FLOATCIACJ>>*1000C'I./BG 
DF\T=DU~*DUM+FL0ATCIACL>>*FLOATCIACL>> 

IFCD"N>72,72,73 
72 DF.I\J= 1000000. 
73 ICCI>=IFIXCDUM*FLOATCIACL>>*100./DE\Tl*2 

IB<I>=IFIXCFLOAT<ICCI>>*FLOATCIACK)l/100.) 
71 XC?.56l=XC?.5Fl+FL0ATCIRCI>> 

To!R IT F. ( 2, 1 1 2 ) 
PRITF.C2,110> IC 
ILI\TE=ILI\TE+35 
CALL PAGECIPAGE,ILINF.> 
\•.'K ITE C 2, 106 > 
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r • 

1 (il (,/1 

1Cll1 
102 
1()3 
104 
105 
10/S 
11 3 
1 1 L! 

107 
108 
109 
1 1 0 
1 1 1 
1 1 ?. 

~·!R. I TF.: C 2, 1 1 0 > I B 
WRITEC2,114) XC256l 
ILII\JF.= ILII\JE+3f1 
CALL PAGE<IPAGE,ILINE) 
Fr'JRM AT C "NAME ,1\JTJMRP.H, DATE, T !) F F 1 -F 2-F 31, UEI\JT • RATEIM IN") 
r'l H.M AT<" AAAAAAAAAAJJJJJYJ'MDDY fYYXXXX:XX:YYYYYYVVV") 
F!) Hl\1 AT< 5 A2, I 5, 2 n>., I 4, 2Fn. 0, F 3 • 1 ) 
F0HMATCI,I, 10X,"FRA"1F. ",In," MAX ",F7•')) 
F'lRMAT<l0X, 16I?.> 
F0RMATC"PF.HCEI\JT BCKGR CTJT0FF LFVF.L") 
F·'1RM AT (I, I, 1 0:><:, "FUi\JC T I!') \J AL VOLlH-1 E INDEX") 
F'1HMAT <I, I, 1 0X, "FHACT I f);i\J AL P JRFU S I !)\J") 
F0HMAT (I, I, 10X, "CT.TMULAT I 1.1F. ", F7. 3) 
F!) RM AT< I, I, 1 0X, "VEI\JT • FHACT IVF.NT I LAT Jr)N" l 
F0RMATC1,5X, 11SCX,F3.2l,Xl 
F·0 R'VJ AT< I, I, 10X, "V() L UM F. D I 5TH I RTJT I 0 1\J" ) 
F0RMATCI,5X,l614) 
F!)RMAT (I, I, 1QJX, "VF:i\JT I LA TED VOLUMES") 
F()H!VfAT(I,I," PERFUSI!)\J HATI()S'') 
ST()P 
E\JD 
SUBR0UTINE PAGF.CIPAGE,ILINF.l 
DIMF.I\JSION AC5l,IN<4> 
Cf')MMOI\1 A , IN 
I PAGE= I PAGE+ 1 
IF<ILINE-n5)1,2,2 
I TEST= 6.5- I LINE 
D') 3 I= 1, I TEST 

3 ~.JHITE<2,100) 

10~) F')HMATC" "> 
2 WRITEC2,101l CACI>,I=1,5l,(IN<I>,I=1,4>,IPAGF. 
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l(i\1 F0RN1AT< 10X," ••• ", 10X,;'•••",I,I,5A2,2X,I 6,315, 10X,"PAGE",I4l 
ILINE=3 
H.F.TU RIT 
F:ND 
F.NO$ 
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