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During the past several decades experiments have indicated that radiation

induced damage in biological systems varies not only with the administered radia

tion dose but also with the linear energy transfer (LET) of the radiation employed. 

The difference in biological effect has been described in terms of relative bio

logical effectiveness (RBE). The RBE is defined as the ratio of the dose of 

a standard radiation, frequently 220-kv X-rays, to the dose of the radiation being 

studied, in order for both to produce a.n equal biological effact (2). The 

reviews presented by Zirkle (3) and Boag {4) illustrate that the RBE varies with 

LET in different ways, depending upon the biological effect studied, the environ

ment, and the physiological state of the system. 

The maximum L~ values previously available for RBE studies {excluding those 

involving fission fragments, which have presented many d1ff1oul ties) vere obtained 

with alpha particles from natural radioactive sources (e.g., Po210). In the 

investigation reported hHre, the LET was extended to higher values by using the 

beam of carbon nuclei with a charge of six accelerated by the Berkeley 60-i.noh 

cyclotron. Furthermore, the use of several different cyclotron beams, as vell 

as of polonium alpha particles and X-rays, made possible a systematic study of 

the response of the same biological system to radiations varying in LET between 

20 and 5000 Mev crf /g. 4 The physical properties and dosimetry of the cyclotron 

beams have been described in the preceding paper (;). In this piper we describe 

the biological experiments and their results. In addition, the dosimetry for 

the Po
210 

alpha pg.rtioles and both 50-kv and 220-kv X-rays is included in this 

part. 

The biological effect studied in this investigation wast he inhibition of 

colony formtion in the haploid yeast, Saccharomyces cerevisiae. This test 

syste1n was chosen for the following reasons: • 
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(1) The total range of 120-Mev carbon particles is less than 0.6 mm 

in tissue. Therefore, studies with this beam are limited to thin layers of 

material. 

(2) Since the yeast cell is only about 5 microns in diameter, the 

mean LET of the radiations studied does not var,y appreciably throughout the 

target material (3). 

(.3) large numbers of yeast oe lls can be handled with ease. This is 

an advantag~ in obtai.ning sta.tistioally significant results. 

(4) The RBE for haploid §acch!t9mvces gereyieiae is not a function of 

dose, because the survival curves for all radiations are exponential under 

suitable conditions. 

(5) The earlier results obtained by Zirkle a.nd Tobias with §accharomvces 

cerevis'&!l (6) indicated a very rapid rise in the RBE with increasing 00 in 

the low-energy alpha-particle region. On the other band, one would expect that 

the RBE for any system must decrease with LEI' at sufficiently high values. Hence 

it appeared particularly significant to determine whether or not the RBE for this 

system would show a decrease in the region of LF.:r made available with carbon 

pirticles. 

BIOWGICAL PROCIDW.FS 

The strain of yeast used, designated SC-7 by Zirkle and Tobias (6), has 

been used in many studies 1n this Laboratory and others (7, 8, 9, 10). The 

preJX&ra.tion of the yea.at culture ws essentially that used by Beam et al. (7), 

employing cells treated in dextrose a.nd phosphate buffer. This method was 

followed in ordert.o obtain survival curves that were exponential down to a lev 

level of survival (0.2%). A summary of the technique is as follows: a 48-hour 
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yeast culture, grown on y;.:ast extract dextrose agar (YED) 5 , was harvested from 

a Petri dish and suspended in sterile 0. 05 H Kl1:2P0 4 buffer solution. The con

centration of cells was approxinfltely 108 cells/ml. To reduce clumping the cells 

were shaken for t hour. One ml of a st~rile 33 wt % dextrose solution wa added 

to 20 ml of the phosphate buffer cell suspension. This suspension was aerated 

and incubated 1n a 'W!ll.ter bath at 30°C for 48 hours. After incubation 0.00.3-ml 

aliquots of the treated cells were pipetted onto the surfaces of J/8 x 3/.32 x 

1/8-inch nonnutrient 4% agar blocks. Each block was allowed to dry for approxi

mately 1/2 hour at room temperature, so that a monolayer of cells was left on 

its surface. The blocks were then refrigerated until time for bombardment. 

For the cyclotron irradiations each sample block was mounted on a Lucite 

holder and placed directly behind the collector foil of the dose-measuring 

ioniza. tion chamber (Fig. 7 of Part I). The sample holder was held in a fixed 

position by a lock and key. The determination of the dose delivered to the cells 

bas already been described in Part I. The boml:ardment time for each sample 

block vas between 2 and 45 minutes, depending upon the dose delivered and the 

stability of the cyclotron beam. 

After bombardment the samples were removed from the chamber and the cells 
I 

resuspended 1n 0.05 H K~Po4 buffer. The cells were then refrigerated until 

time for plating. At this time the suspensions were diluted so that a 0.1-ml 

aliquot contained 100 to 400 viable cells. F..ach 0.1-ml aliquot was pipet ted 

onto a layer of YEO agar contained in a Petri dish. The irradiated cells were 

then spread over the nutrient medium with a glass rod. The Patri dishes were 

incubated at 30°C for a sufficient time (about 48 hours) for surviving cells to 

develop into visible colonies, which were than counted. At l~a.st three samples 
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were taken for each dose point, and three to five Petri plates were prepared from 

each sample block. The percentage survival vas computed by comparison with un

irradia.tad controls treated in the same manner as the irradiated samples. 

DUWHATIONS WITH POLONIUM-210 ALPHA PARTICLES 

Figure 1 shove a schematic diagram or the arrangement used for the Po210 

alpha ... f)9.rticle irradiations. The source, .3/16 inch in diameter, was electroplated 

and centered on the surface of a .3/8-inch nickel disc. The nickel disc in turn 

was mounted on the lower end of a micrometer screw assembly which was housed in 

a Lucite chamber. The micrometer assembly made possible an accurate adjustment 

of the distance between the source and thH yeast cells, an important quantity in 

the dose determination. The sample, preptred by allowing a 0.00.3-ml aliquot of 

the treated cell suspension to dry on the surface of a. nonnutrient agar block, 

5/32 inch in diameter, was accurately centered in a dra.wer nE;a.r the bottom of the 

housing of the alpha source. Tho source w.s covered by a 0.00025-inoh Tygon 

film to prevent radioactive contamination of the samples and surroundings. The 

duration of exposure was timed with a stopwatch, starting at the instant 1o1hen the 

closing of the drawer put the sam.?le directly b~..neath the source. 

Two different sources, varying ins trength by a factor of ten, were used. 

Their aoitivities were determined by means or a calibrated "low gaometry0 

scintillation counter with an accuracy of ±" 2%, and were corrected for subsequent 

decay of the radioactive matarial. 
I The dose rate D at any point on the sa.m;>le 

can be calculated by the expression (1, 6, 9): 

D
1 = t16m G, (1) 

where G is a geometry factor given b,y 
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~ 1 2 2 2 2 2 2 4 2 2 2 
.. 'a + b ) + 2 'a -b }r "1" r ..- r -r a -b • 

2a.2 
(2) 

In F.4s. (1) and (2), n is the activity per unit area of the source (disintegrations 

per om2 per sec), a is the distance between sample and source (om), r is the 

radius of the source (em), and b is the distance of any given point on the sample 

from the point directly below the center of the source. The quantity crm is the 

2 
mass stopping pover or total average LET (Mev om /g) for the alpha particles in 

cellular material, and is assumed to be the same for all the alpha trajectories. 

-s I The constant k relates different units of dosage and is 1.602 x 10 rad g Mev. 

The derivation of Fqs. (1) and (2) is given b.Y Sayeg (1). In essence the 

dose is obtained by calculating the flux density of alpha particles through the 

sam;>le at any point, and then multiplying by the LEr or energy 1 oss of the 

particles 1n traversing a thin layer of cellular material (see references in Part I). 

In calculating the 00 it is neoeBsary to know the amount of mterial traversed 

and hence the energy lost by the alpha pg.rtieles between the source and the centers 

of the cells, a quantity that varies for different particle traJectories. For 

the geometry used in th:i.s experi:mont (Fig. 1), the mximum path length is 9.1% 

longer than the minimum path length. The corresponding increase in LEI', however, 

is only 4.2fg. There is a larger proportion of particles with an increased path 

length at the edges of the sample than at t he center. The geometry factor G, 

on the other hand, shows that the particle flux density is 3.5% less at the edges 

of the sample than at the center. Hence these tvo variations tend to cancel 

each other, and the dose rate is n~rly uniform over the area of the sample. 

The values used in the dose calculations arf'l given in Table I. The total 

amount of material traversed by an alpha particle traveling at right angles to 

the source and the sample was found by summing the equivalent dry-air p3.ths of 
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Tygon (a polYVfnyl choride vith relative mass stopping power of 0.903) (11), 

room air, and the yeast-cell radius (5), with estimates for the uncertainties 

in each quantity. The total equivalent dey-air path at 15°C a.nd 760 mm Hg for 

oaoh exp~riment is given in Column 2 ot Table I. The resultant energy for 

alpha particles with an initial energy of 5.30 Mev ws found from range-energy 

curves in air (12), and is given in Column 3 or Table I. The corresponding 

values of average total Ll:"l' 1n cellular material were obtained from the semi

empirical energy-loss curves for water (5, 13), extended to low energy by ex

perimental data for protons (14) (Colum 4, Table I). For both experiments the 

uncertainty in LET is .! 4~, compounded from the uncertainty in alpha-plrticle 

energy and ~ 3% assumed for the error in the ene.rgy-los8 curves. The dose rate 

for both experiments 1a given in Column 5 of Table I. The over-e.ll error in both 

oases is :! 5%. For a cell thickness of 5 microns the IEI' and dose rate are de-

creased by 2.~ and increased by 4.5%, respectively, at the top and bottom 

surfaces of the cell. In the cyclotron experiments the corresponding change 

vas only :=: 2% in the worst case, that of low-energy carbon particles. 

X-RAY m.RAD IAT IONS 

A control experiment with 5o-kv X-rays was carried out with each cyclotron 

and alpha-particle experiment. A Picker X-ray machine containing a ~ohlett 

OEG-60 beryllium-windov tube was used. The only filter was that inherent in the 

tube and air path. The operating conditions were: voltage 50 kv, current 25 s, 

and target-to-sample distance 15.4 om. The exposure dose rate for these conditions 

we.s measured by Hortimer (8), and vas 250 r/seo with an estimated error of 

~ 2.5~. Agar sample blocks identical to those used in the cyclotron experiments 

vere placed in a dish within a radius of 2 om from the axis of' the X-ray tube. 
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Irradiation was briefly interrupted for removal of the samples so that a series 

of graded doses vas delivered. In each X-ray experim~nt three small agar samples 

were irradiated for each dose point and three Petri plates were preplrerl from 

ea.oh samp l.e. 

A Maximar 220-kv General Electric mchine was also used in order t o obtain 

survival curves with a radiation comparable to that used in other RBE studies. 

'fhe samples were placed in a specially designed Lucite holder which had inserted 

in the center a Vietoreen intogron chamber used tor the dose measurement. The 

integron chamber was calibrated against several portable Victoreen ionization 

chambers, and the error in the dose measurement was estimated to be .:!" 4.5"· The 

radiation conditions were: voltage 220 kv, current 15 ma.. target-to-sample distance 

28 em, and dose rate approximately 800 r/min. There was no external filter other 

than the Lucite cover of the irradiation chamber. 'l'he eame irradiation technique 

was employed as w1 th the 50-kv experiments. 

The conversion factor r between exposure dose in roentgens and absorbed 

dose in rads vas calculat~ for the ;yeast composition given in the first l!lper 

of this ~ir (5) by using the mss energy-absorption coefficients of G. R. White 

(2). The value of W = 34 :! 1 ev per ion pair in air was assumed. For X-re.y 

energies between 15 and 40 kv f was 1.01 rad/r. In this energy region, however, 

the conversion factor is very sensitive to the elemental composition or the ne.teria.l 

irradiated. For exam;:lle, at 20 kv the 0.8% potassium present in yeast accounts 

for 15% or the energy absorbed. Hence for the 5Q..kv X-rays o.n error in the absorbed 

dose of :t 7% was esti..mted to arise from the uneertaintias in the composition of 

yeast. An additional error of ! 5% was estimated in the calculated absorption 

coe~icients. When the square root is taken of the sum of. the fractional errors 

squa~d for all factors, the resultant standard error in absorbed dose for 1he 
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50..kv irradiations is :!_- 10;£. 

For X-ray energies between 80 and 200 kv, the conversion factor r calculated 

for yeast is 0.97 ro.d/r, vith an est1nated error of ..:t"" .3% in the calculated 

absorption coefficients. For these X-ray anergies the uncertainty in com;x>sition 

introduces a negligible error. The resultant over-all error in absorbed dose 

for the 220-kv irradiatiions is ::: 6%. The mean LF:r for X-l'Qys does not change 

very much for tube voltages between 40 kv and 200 kv (15) • The value or 20 .::!:" 5 

Mev cm2/g has been used in plotting the results for both sets of X-ray data (16). 

EXPffiiME.NTAL RESULTS 

In preliminary experiments with 50-kv X-rays, the survival curve for cells 

treated by the mthod described above was a single exponentia.l for doses up to 

25,000 rads, or a survival level of 0.2% (1), where the radioresistant population 

associated with budding cells appeared (7). No correction ws :made in the 

initial slpes of the survival curves since the resistant population represents 

a negl~gible error at this low survival level. During the final series of 

experiments the survival curves were taken down to levels varying between 1% 

and 10%. All the curves wre of the form N::. N0e-o\D, where ti is the number of 

cells surviving at the dose D, and N0 is the number at zero dose. For each curve, 

a weighted least-squares calculation was made of the logarithmic sloi)EI q, 'Which 

is a direct measure of the radiosensitivity of the cells. Several of the observed 

survival curves are shown in Fig. 2. 

The results obtained during five different experiments are summarized in 

Table II. For each radiation described in Column 2 tho total average u:r in 

cellular material is given in Column J, and the logarithmic slope of the survival 

curve is given in Column 4. The quoted error in Column 4 results from the 
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statistical error in the calculated slope or each surviw.l curve, and the estiDBted 

error in each dose m~asurement. (Cr. above and Part I). In all cases except 

F~periment lb, the error in the dose measurement is several times the statistical 

error in the calculated slope or the survival eurve. Colwnn 5 of Table II gives 

the dose in rads for 50% survival, and Column 6 gives the slope of the 50...k:v 

X-ray control curve for ee.ch run. 

For the three cyclotron runs t the slope of the 50...kv X-ray curve remined 

eons·tant within .:!: 2%, and was in agreement with the value obtained in the pre-

liminary X-ray experiments. Although every attempt was made to perform the last 

two series of experiments involving polonium alpha particles with the same tech-

niques as the cyclotron experiments, the slope of the 5D-kv survival curve is 

shifted by 7% in these runs. We believe that this shift is related to the known 

variation of the radiosensitivity of haploid yeast to X-rays ttrith the treatment 

time in dextrose-buffer mediwn, and it does not affect the results obtained with 

alpha particles (9). Unfortunately the only experiment performed with 220...kv 

X-rays shows the same shift in sensitivity, but the uncertainty in dose measure-

•nt for this point is as large as the change in sensitivity. 

In Fig. 3 the radiosensitivity for each radiation is plotted as a function 

of the total average Ltt in cellular material. Here the radiosensitivity is 

defined as the logarithmic slope 0\ or the survival curve; it is the reo1prooal 

of the absorbed dose in rads for 37% survival. 

For an exponential dose-effect relationship, the RBE is the ratio of logarithmic 

slopes between the curve for the radiation under consideration and that of a 

standard radiation such as 220.kv X-rays. Hence the sensitivity plotted in Fig. 3 

is directly proportional to the RBE, but it does not involve a comparison with 

any preferred re.dia tion. For convenience, units of RBE are included on the right

hand side of Fig. 3, vhere a standard sensitivity of 2.0 x 10-4/rad has been 
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assumed for an RBE of unity. ~·rom Fig. J it is seen that at low LET the radio-

sensitivity is approximately constant, it shows a region of increasing sensitivity 

with increasing LET for dauterons and alpha particles, and finally at high LET 

values it shove a region of decreasing sensitivity. 'l'he maximum observed RBE 

210 
of a.pproxiJilately 2.0 w.s obtained with J .4-Mev alpha ~rticles from Po • The 

carbon particles, on the other hand, exhibit about the same effectiveness as 

220-kv X-rays. 

The RBF. compares the effectiveness of two radiations in terms of the energy 

absorbed to produce the same biological effect. Another useful measure of bio

logical effectiveness is provided when the dose is expressed as f, the number of 

particles per em2 bombarding the biological sample. Then the survival curve 

-M · 2 
takes the form N = N

0
e , where the logarithmic slope has the units of om I 

particle, and is sometimes called the cross section for inactivation (17). It 

is easily shown that <f in om2 I particle is related to o( in rads -l by the equation 

-8 1.6o2 X 10 (Lf1) « 1 

2 
where the IEI' in cellular material is expressed in units of Mev em lg. 

For each experiment the value of 5 is given in Column 7 of Table 1I and 

is shown graphically in Fig. 4. For comf6rison the line of constant RBE is also 

show in the log-log plot of .F'ig. 4. Hero it is apfllrant that after a region of 

increasing cross section with increasing LET, ~for haploid yeast approaches 

a. constant value of approximately 1.1 ')l
2 at very high Lr:l' values. 

DISCUSSION 

The data presented here are in qualitative agreement with fue earlier results 

of Zirkle and Tobias in the region of low and intermediate LT'.T (6). This study 

shows that for the survival of haploid ~ro;ygeg gerevisiae, the sensitivity 

to radiation is maximum at the rzr of polonium alpha ~rtioles' and that the 
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sensitivity falls progressively as the LEl' is increased above this value, a 

region of r.r.r which had not previously been studied. Employing a technique 

different from ours, Kohn and Gunter obtained RBE data on yeast at very low LET 

by using high-energy X-re.ye (18). 

The exponential nature of the yP..a.st survival curves supports the conclusion 

that a single ionizing particle is responsible for the inhibition of colony 

formation; it permits the description of radiosensitivity in terms of the apparent 

cross section per particle for inactivation (17). The observations at high LET 

values are consistent with an approxi1l&tely constant cross section (Figo 4), as 

predicted by classical target theory. The constant cross section and decreasing 

RBE at high LEI' are explained in terms of a saturation mechanism whereby more 

energy is transferred by the ionizing particle than is required to produce the 

observed biological effect. 

A comJ»rison of the observed value or the cross section at high LFT with 

the estimated area of a single cell shows that only one particle out of approxt-

mately 20 that traverse the cell is effective in the lethal action. F.xa.ct 

knowledge of the nature and size of the yeast cell nucleus is not available, but 

electron microscope (19) and Feulgen staining studies (20) lead to estimates of 

2 the nuclear area approxinfa.ting the value of 1 p , and agree 'With the I~Bximum 

inactivation cross section observed in this experiment. This observation supports 

the view that a single particle track of high LET has a high efficiency for pro

ducing lethal damsge when it passes through nuclear 118terial, but is ineffective 

when passing through the cytoplasm. ( gi. the review by Gray (21)). A similar 

result has been demonstrated directly in the work of Zirkle and Bloom, in which 

a microbcam of protons was u1effective in producing aberrations in mitotic cells 

of newt hoart unless the radiation was directed at chromosome naterie.l (22) o The 
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extensive literature in this field has been reviewed by Zirkle (2J). Since the 

IIll.Xi.mum oross section now observed for yeast is only 1/20 of the cellular area, 

it will be interesting in the future to extend the observations to even higher 

LET values to determine whether or not a further increase in inactivation cross 

section is possible. 

Although the target theory correctly predicts the constant cross section 

observed at high LET, we now know that such a theory ma.sks a complicated sequence 

of events in the production of radiation darra.ge. 1''urthermore, U' the target 

theory is restricted to biological effects produced by' a single ionization or a 

single prim9.ry energy transfer, it does not explain the rise in RBE with increasirg 

LET observed for !ntermedia te values of LF.I'. For this reason Zirlde and Tobias 

postulated a migration model, in which chemical intermediates operate between 

the energy transfer and the final biological effect (6). According to this model, 

the increase of RBE as a function of LET observed for yeast is explained by assuming 

that one type of interm.sdiate predominates in causing dama.tie at lov 00, s.nd 

another longer-lived species predominates at high L.r.:I'. The rise in RBE is then 

explained in terms of the incr0asod ionic yield at high LET for the production of 

the second typo or intermediate. Adjustment of the values of the ionic yields 

and diffusion lengths for the two chemical species makes it possible to fit the 

migration model to the type of curve observed for haploid yeast. 

The target thoory also predicts a curve of the general shape observed in 

this exper:i.ment on yeast, if it is assumed that the radiation effect is caused 

by the cooporative action of a grou[> of n or more ion pairs produced simultaneously 

within the sensitive r8gion of the cell (4. 24). Howard-Flanders has recently 

developed this th~ory in detail, and has given a track-segment method for cal

culating th0 variation of radiation sensitivity with LET (25). Accordu1g to 
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this formulation the particle track is considered in terms of the number of ion 

pairs produced in the distance t. The distance t is charactoristie of the 

biological material irradiated. but is not necessarily the thickness of a bio

logical target. .In,order to expls.in the influence of oxygen on sensitivity to 

different radiations, two types of radiation damage are postulated, the first 

requiring several ions (but lese than n ions) in the presence of oxygen, and the 

other requiring at least n ions with or without oxygen present. When the two types 

of damage aNJ sU!lllnGd and the value obtained for each LEI' is comp1roo with the ex

perimental results for the track core alone, with the effects of delta rays sub-

traeted, good agreement is obtained vith the haploid yeast data of this experiment 

when n equals 8 ions and t is 4 x 10-7 g/em
2 

(40 i in material of unit density). 

The ain significance of the experiment reported here is that it extends 

radiobiological measurements to LET values beyond those that can be obtained 

with alpha particles, and that it demonstrates for one unicellular organism that 

the radiation sensitivity decreases with increasing LET after passing through 

a maximum. It is hoped that further studies of this kind on different biological 

s;ystems tmder various envirOlll'llental conditions may eventually lead to a unified 

theory of the action of ionizing radiations. 

SUMMARY 

The radiation sensitivit;y for the inhibition of colony formation in the 

haploid yeast, &pcaaropxyces gerevi@iae, has been measured vi th a series of 

radiations that cover a range in LEX from 20 to 5000 t>ev cm2/g. In addition to 

X-rays and polonium-210 alpha j.5rticles, the radia tiona employed include cyclotron 

deuterons, alpha particles, and carbon nuclei with a charge of six. The 

radiation sensitivity increases with increasing LEr until it reaches a mximum 



'' . 

• 

\ 

- 16- UCRL-2293 Rev 
Part II 

corresponding to an RBE of 2 for 3.4--Mev alpha particles. At still higher IE1' 

'Values, the radiosensitivity decreases pregressively, and corresponds to an 

approxinately constant inactivation cross section ot 1 'f· Implloat1ons or the 

experimental results are considered in terms of 1 ut l target theory, the 

migration model, and the track-segment calculation. 

The authors wish to express their appreciation to Albert Salo, Henan Po 

Robinaoa, and Elinor 0. Potter or the Chemistry Division of the Universit7 ot 

California Radiation laboratory tor the preparation and oa.llbl"e.tion of the 

p0
210 alpha-particle sourose, and to the members or the Biophysics Group of 

Donner laboratory tor help 1n carrying out the experiamts. We are also in

debted to Dr. Robert A. Wijsnan and Dr. Paul Howard-Pl.andera for many helpful 
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1. This work w.e supported by the U. s. Atomic F.nergy Commission and the Cancer 

Fund of the State of California. Part of this work has previously been 

reported by Sayeg (1). 

2. Present address: Los Alamos Scientific Laboratory, Los Alamos, New Nexico. 

3. Present address: Department of Biophysics, Yale Universit,y, New Haven, 

Connecticut. 

4. When expressed in units of Mev cnf/g, the LEI' is independent of the density 

2 
of the mterial irradiated. For !Dlteria.l of unit density 10 Mev em /g is 

1 kev /micron. 

5. This medium contained 20 g agar, 10 g dextrose, and 5 g yeast extract per 

liter of ~0. 
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Fig. 1. A so hem tic diagram showing the geometry used 1n the Po210 alpha-

particle irradiations. 

Fig. 2. The percent survival of haploid SacchatQmYCea cerevisiag as a 

function of absorbed dose for four different radiations: t .30-Mav 

carbon particles (Exp. 2b); ~ 27-Mev alpha particles (Exp. la); 

.A .I, 210 l 50-kv X-rays (Control Exp • .3); 'I' Po alpha particles (F.xp. 5). 

The errors shown are standard deviations of the mean values= 

Fig • .3. The radiosensitivity and RBE for the inhibition of colony formtion in 

haploid Sacch&rQWYces cerevisiae as functions of the total average LET 

in cellular material. The errors shown are standard deviations. 

Fig. 4. The measured cross section in cnf per p9.rticle for the inhibition of 

colony forms.tion in haploid Saccha.romyoes cereyisie,e as a function 

of the total average LEI' of the incident radiation. 'l'he errors show 

are standard deviations. 



TABLE I 

DOSIMETRY FOR Po
210 

ALPHA-PARTICLE IRRADIATIONS 
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1 2 3 4 

Fxperiment Equivalent Particle energy Average 
Number air pith between at centers of total LET 

source and cells in ce llula.r 
centers of cells l1'fi terial 

(em) (Mev) (Mev cm2/g) 

- . - .. - ..... -· 
4a 1.91 ! 0.11 3.34 : 0.14 1250 :-50 

5 1.82 :: 0.10 3.45 ~ 0.13 1230 :!: 50 
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TABLF. II 

'PX?FRIMFi<!TAL RPSULTS ON HAPWID SACCHAB.Qr.1YCF.S CFREV!SIAE 

1 2 3 4 5 6 

Experiment Radiation 
Total 

Ave raga Slope of Dose for Slope of 50-k.v 
.Number rzr survival 50% X-ray survival 

(Mev cm2/g) 
curve Survival 

(lo:r-:d-1) (lo-4 rad-1 ) (rads) 

1 a Alpha (27 Mev) ~58 + 6 2.40 ±: 0.18 2890 2.24 ± 0.22 -

1 b Alpha {6 Mev) 850 ~ 100 3.05 -: 0.41 2270 l'l D 

1 c Deuteron (19 Mev 48 + 2 1.96 :!: 0.11 3550 It " -

2 a Carbon (65 Mev) 2680± 300 2.57 2: 0.12 2700 2.24!: 0.22 

2 b Carbon (.30 l.fev) 4450 :t 540 1.72 :t 0.10 4030 t• n 

3 a Carbon ( 67 Mev) 2600! 200 2.51 "! 0.12 2760 2,.29 ~ 0.22 

3 b Carbon (24 Mev) 5080:!:460 1.29 = 0.08 5370 I! II 

4a Alpha (Po210) 1250 ~50 4.30 :: 0.23 1610 1 .. 95 -:. 0.20 

4b X-ray (220 kv) 20 :t 5 2.16 :: O.JJ. 3200 R "' 

5 Alpha (Po210) 1230 = 50 I 3.86 =- o .. 23 1800 2.12 '!. 0.20 

7 

Cross 
section for 
~cti~ation 

(1 em /~rticle) 

0.0991-:: o.orn6 

0.416 :!: 0.074 

0.0150:!: 0.0010 

1.10 ::: 0.1.3 

1.23 "! 0.17 

1.04 ~ 0.09 

1.05:: 0.12 

0.862 :!: 0.035 

-- --
I 76 + l o. 1 - 0.037 

I" 0 

8 

Approximte 
Dose rate 

(rads/min) 

1100- 2300 

3300 - 10,000 

1100- 2100 

900 - 1800 

1200- 3000 

400- 750 

1000- 1500 

42,000 

800 
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