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R .  E, Zirkle 

7 I i a  a cell o r  orgmism ia exposed t o  any ionizing radlat ion,  the ions are 
zict f o m d  singly and at r a n b m  %roughout the call o r  organism, but a r e  
l o c a l k e d  i n  Zonization trzcks. Tbse tracks, so ellearly demonstrated i n  
gases by meane of tho Wilson cloud chamber, may be produced by primary beta 
or alpb rap,  by secondary electrorie set  i n  station through absorption of 
p iaar j  x- 07 gama-ray energye 01' ' ~ y  secondary s w i f t  atoltfc nuclef sat i n  
rotisn through absorption of kinetic energy of prlmry fast neutrons, The 
' C t r k i t l  ~?oLum? of the tracks formed, 9von by v e ~ y  fnjnrious doses of r a d h t i c n ,  
5s a mall fraction of the t o t d  T.-obx!x3 of  'tho cell or OI'g&iSiE. 
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evon i f  the i n i t i a l  velocities o f  all the ionizing particles are identical, Second, 
the initial. speeds 
2ietcrogsneit.y of the specific Corization. 

frequent:y are not identical, and th is  a lso  contributes to  ths 

. .  

- .  

I 

In --iw of t h io  non-uniforaftq o f  the spec i f ic  1o:iization produced by n a s t  of the 
radiations vhich have been used, it is expedisnt t o  characterize each radiation by 
means of its preram spxifPc fooleafion,  which 13 s1n;ply the total mber of ion 
pairs produced per unit valume of  irradiated obJect divided by the total length of 
all the tracks produced in that volmo. 
i o n i z a t i o n  h38 been ueed, and t h l e  -11 be given special attention i n  the proper 
places. 

O f  the numerous types of  Ionizing radiations now known, only the ones listed below 
have been used ir, the imveeti&-tfons pertinent here, 
iscreasing average qacff ic  icnizatim, 

In a few experiments fairly uniform spac i f ic  

They are listed in order of 
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tracks. 
therofore in averege specific ionization. 
ionization of t b  mho10 population of tracks is more tun 10 tfn;les 
that of the electron tracks prod-wod by 200 kv, x-ray,  but not much 
greets.. than that of very soft x-rays ( e . g .  8.a; 

Thu indlvIdw.1 proton tracks are unequal. in 10ngt.t:; m-ci 
The average s s c c i f k  

, 
* f 1 I 8 5 b 4  
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e Es3ima-t;ion of  Dose 
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A t  present the  mos2, d~c$p'tab1e method of oxpressini,; doses of a l l  the various 
types of ionizing radi. i t ions $3 i n  terms of cnerGy absorbed por unit volume 
of biological azter%ale 
that  is, tho nmber of ions o r  ionization units produced per unit volume of 
c e l l s  o r  tissue. 
high natuml conductivity of tissue. 
mcasurad ionization i n  air, assumln; tha t  the ionization per unit mass of 
tissm is -;he same as That i n  air.. 
the Pmction of a s&ft pamicle's energy ;vhich is used i n  ionization varies 
even among different gases w.d nigh5 therefore be suspocted of differ ing 
iLdely between a gas (air) and a l i q u i d  system (tissw), However, as usually 
calculated, 
absorbed pep un i t  voltme and <herofore may be uaec! without objection as a 
moas'itre of Telativa doses of various radiations.  

Sometimes doses are estimated as "t issue ionization," 

Zits qzlanCuity c w n t  be  measured d i rec t ly  becawe of the 
It is wmlly caloulated from the 

This assumption is hardly j u s t i f i ed ,  since 

tho "tissue iozkzationfi is Q q w t i t y  ;iroportional t o  the  mer= 
I 



, 
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# ohambers :dth th in  wil2-z. contcliziw onl;. e i a m t s  of law atomic number 
(Crabtree and G r a y ,  1939; Wmer, Grfffith and TimofihfP-Ressovsky, 1337) 
TSe ~.onizzxtJon in air t h m  has the sane relation %o energy absoqtion in 
tissue c3 in the  case of  gama rays. 

The o t h m  method (Lea, Ealnes m d  Coulson, 1936) is not so direct. 
numbsr of beta gar t ic leu  traverslw a small volume of a i r  at the position of the 
biological. E B ~ O T ~ ~ .  is calcul$od fmn the beta emloeiun per  mil l icur ie  ~ 9 t h  
the f i l t r a t i o n  used end f r o m t h  geometrical relationships betweon the rrdon 
sourc0 and tha i r rad ia ted  matorial, 
i s  then multlpldsd by an estimated average value f o r  the ionizaFion per beta track 
in the selected m a l l  vol-me of air, 
I s  calculated the ionization pe r  a t  oolume of air, and transition from 
io2l.zation i n  air  t o  tissue energy ebsomtion is thm made a6 above, 

First, t h e  

This calculated number of beta particles 

&om tho produot of these tm quaatitios 

Fast Neutrons 
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1 . .  method . :A** cells, - -  ( a r h l e  1940). 
one calculates 

Then, f r o m  the geometrical r e l a t ions  between 8owce and 
the number of particles traversing a small unit volume of 

celp in u n i t  time. Tliis number is then multl?lied by ths pmdcct of the 
eqoaure time and the energy sbsor3ed on the average when an alpha par t i c l e  
traverses the tnit volume, the lz t ter  quantity being determined from the 
?mown energy absorption along the track i n  air  and the ratio of  the stopging 
povrey of t i s s u e  (approximately that  of liquid water) t o  the  stopping poyer of 
air. "he result is  th6 energy absorption per wit volume. 

:,ha radon is introduced i n to  the c u l t u r e  medium, the determination of energy 
absargtion In the biological matmial can be determined only by taking 
precautions too nmerous anit conrplltcated t o  detail here (Urkle 19%), 
Gray and Reed (1942) have discussed and thoroughly investlgated this mlter. 

Results o f  t ho  Ava i l ab le  Investigations 

&n view of the large number of' pertineat imest igot ions,  no attempt w i l l  be 
=de t o  discuss "ny of ';hem i n  d e t a i l ,  

Although no claim of com;>lete aovemge of tho l i t e r a t u r e  can be made, an effort 
has been made t o  include in Table 1 all. of the available experiments in which 
were used two o r  more radiations v;hicfi clearly differed in average spec i f ic  
Ionization, regardless of the relative effectiveness obse,-vea. &my papers 
were examined but slot included, f o r  one or mre of the f O l l O \ a ; i i ~ ~  reasons: (1) 
%st papers appeariq before the cdoption cf the international mentger in 
1927 have been omitted beciluse of uncertainty copcerniftg i8c-ni;ical res:)onso of 
maswing devices tc radiations of different  quality. (2) Uost a!. t h e  tx;crimedits 
j-2 xhich were used o n l y  x-rays of w a ~ o  length5 l y i ~ g  in the 2-q -2  ~ ~ 0 7  tG 
:: ,4  .'L ::me bean odlted becausa of thc s-crong pcbz-b i l f ty  that no uirrerencz ic 
:.rereggc specific icnization g d s t e d  (hkyneorri 193.4). 
-2 c?-sar-cut and cat oyer t o  s u s p i c i m  because of aomplicatiog fneCcis, these 
2noers report ictmtlc&l. d ' fect ixmees :vi?:iin aq jcr imntd l  error, ::hich is t o  b? 
a-ezted- A fer; of theas p p e r s  are incf*&al t o  ill7strctte this poic t  cad arc: 
cksigaated 1c: in C o l m  6 of "able I.. (3;  Xos; sz' the pqers  dcal iag  rvikh skin 
hare been od.2ted beza?. 
m e r g ~  absorbed ir, 5ho -\ismas 02 iatcrest, or b a a w e  of inaaeq&to nm3ers of 
izitf~icItIEiLS 5avestigala3, or ?@cause of' the considerations just mentioned undsr 

Exq1mation of  TaXe 7 

. The results we tabulated i n  Tablo I, 

$n generd ,  if the resLts 

of i,nc=&ain;fes i p p ~ l p e d  in the d e t e m a t i o n  of 

(2) * 

I .  



In the fourth are  briefky desori33d the various 1yLidi::tiGnB lu;ec'. 
entw these are l i s t e d  in order ~ l f  a$coadi,cg av~rage zjgecific ionizntim. 3'0:' 
bye~ity, the tmqiEd.if'~d tczm ?'&man %E me(. 63 deSi@&$e gajaa r s d i c t i o ~  f r C r s  

a md: um or radon source T i i t w e 6  E L ~ L  5.5 , L: 3 or it3 a-o-oroximate eav iva lx t  
Ttie i e . 3  "beta? in 
soxrce, tho f i l trat ion being such that their specific Icnimticn is doi'ioitel-; 
lees than that of the gamma r a y s  jwt deaoribed, 
designated by the 14i8ve lengths €n A, Heterochromatic X-rays arc3 designated 
by their effective mwe lengths i n  A, or by the kilovoltage and filtrationo 
Fast neutrons are referred to  simply as "neutron"; the average specific 
ionizat ion used by difierrmt investlaator8 varies f~ )o1GpDh~t ,  because of 
differences in the neutron mergy spectrum, but no attempt has been made t o  
differentiate ai0n.g those, 'me tern %lphan'neans he.terof;eneotla alpha radiation 
The tern *alpha track" refers t o  the m e  of aevoral values of fairly homgerreous 
speoiflc ionization by causiw small cells t o  absorb energy from verfous linear 
por t iozs  of the al&a pm%icic track (see above, mder Eqer imnta l  Variation of 

E'Cn 3tCh 

cams cle;?gat,c?s har-ii Sst:-i rays from a radim or radorr 

Mooochromtfc X-rays are 

:>eolfiO 10nfza-i;ionf Y 
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Nwnberger 
1936: Frick 
& Browns - 
combe 1933 
Mase 19%'. 

Xum'berge. 
19 37 
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I & 3 , 3  P,Gff' 
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TABLE X (Contgd) 

(7) 
Author 
and Year 

Gowan 
1940 
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1.93 A 
8.32 A 
dpha 

1.0 
1.24 
0,9 

I 1.0 
1.6 
0.8 

i 
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Effect St;ldlcd Radiations E a t l o  of 
:2 )  
I rrzdiat ed 
Object 

beta 3.0 
1.0 

160 im. 1,O 
25 kv. 1.c 

0,94 A 2.0 
2.2 A 

11 kilo- 
voaeages 
from 99 f o  1.0 
40, all 
fi ltered 
i i t h  1.0 

i 
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A Z P a a  and 
0 . I ; w e  1938 "-"- 

Langsndorf I' 
& Soamwineyer 
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eC Read 1939 

54 . Ditto 

I 

-I_ . .  
55 Ditto 

55 Ditto * I 

L e t h a l  action 

Reduction in 
Mtoais 

Ditto 

[ 4 )  
Radiations 

( 5 )  
Ratio of 

gamma 
0.014 A cff 
x, 0.15 
0.36 A eff 

1.0 : 
L 7  ; 
148. 
.-_I- 

... -------. 4 ..-...- _---- 

I 
I 

see 
Note C 

g m a  of 
010075 
0 I .  009 
00014 A eff 
x of O.OE'7 
0.15 
0,3C R eff ,  
neutmr. .---..-...------ 
g-; 
neutron 
............. 
200 kv? 

1.0 ; 
1.3 : 
1.5 : 
3.0 
300 
3.0 ; 
3.0 i 

= ILea lg41 
------- 

D Gray, Uottrm, 
M Read & 

7 
Spear, 194.0 

- 
Lowis, m2ub. 
Sae keborsold 
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i 
64 Surviving muse Ditto 

earcoma 180 
200 kp. 

ffltered Se 
unf i 1 t ered 

65 I Dit t o  I 
I I 

66 Suxviviw tlmd D i t t o  0.2 
of muse sa. 180 0.611,eff 
rat ea. 10,and 

= rat ca. FRC 
- . .  

67 Surviving retin Inhibition of beta 
(rat) sinaerobic g- 

g lyco lp i  s 200 LT. I 
Chsomsom 200 h. 
a b n o m l i  t i ee  neutron 
(cells irrad. 
in proykase) 

( 5 )  
Ratio o f  
X f f  ec t  

1.0 
1.15 

1.0 
3 16-3.. 39 

1.0 

1.0 

1.0 
2.3 

xa9 
2, a 

I 

1.0 
30 5 1 ! 

14 

1934 +- Wood 1924, 

I 
Crabtree and 
Gray 1939 

I -. 

~ss'& 1939 

I 
k 

l 
i ..- 



Epilation; 1000 he; 
I:fetobo&cal 200 kv. 
ckangea 

Inhibition o f  DJ. t to  
chondroble?st€c 
activity 

Hypocellubar- D i t  to 
ity i n  marrow 

Gcstrntioa; ca. 0.15 
hi 8 t ologi cal Oo4A,  eff. 
changes 

- 

Decrease in_ 1000 kv.; 
I j p h o c y t e s  200 it8. ; 
and progrsnu- neutron 
aocytes 

Threshold 200 %v. ; 
e?yth.%ra j neutrcn 

i 

1 Ditto 

5) 
Rcztio of 
effect 

1.0 

1.0 . 

1.0 

-. 
1.0 K 

C.  

?..O A 
!S*O 
Lo6 

l.G d 
2.4 

W l l ,  Ling ly  
&: Hllcken 1944 

Ditto 1940 

Itineley, G a l l  
& Hilcken 1940, 

Sckugt 1928 

d. .". . 



TABLE I (Contgd) 

Effsct 
I__ 

1 so0 ' note c Clocker 80 
Reuse 19Ba 

Dftto 1933 ~ Soe 
note C 

----.,--.- -----. 
Gray&Read 1942 
G w  et a1 1943 

1.0 
1,4 
8.7 
900 

1 
l e 7  
0.43 

D 

- 
A 1,0:3.2 

t o  
1.C: 6,7 

E 

- 

i 
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Notes f o r  Tab= 

A, Fast neutron uosss were measured in P =its. The va3ue given here 
is the obsoImd X/YL dosage ratio divided by a correction fac tor  of 
2.5 (cf, AebeTsold aud L6~rrence 1942) .  

9, Calculated on the assumption that <he gamma ray mission from a radon 
, source f i l tsrea vdth 0 , 5  mm. P t  is 8-0 r /q  lxr9 which is congeMat4vaI.y 
low (White, Msrindli md Fcilla 19Gl)e Ti l ls  assumption minimizes the  
q e c l f i c  ionization effect. 

effect c m e  pjas d i f f e ran t  for .the various radiations. 
C. M f t y  per cent lethal do3e pga3 the saxe, but the shape of the dose- 

B. Difference in shape of dose-effect curves as i5:ell 08 in the f i f t y  per 
cent doses. 

E. Nurnberger‘obtalned positive restilts with alpha rays but Risse and also 
k.ieke end Bmmscombe obtained completaly nogative results with x-raysY 

F. In f l i o s  developed f r o m  larvae exposed t o  neutrons, t3e outhops state 
that “re&qplicatlon of organs has been found in a vary hJ.& yorcentage 
of reoirbfied fLies, an elr’ecf obsafied zzs lg  in x-rey-ed stocks.” 



, 

b., mote ideartloal efisctivesess of tihe 190 h. and 137 kvJ radiations, 
Their specific ionization pwbably differed l i t t l e  or not at a1 
(Wyneord 19%) 

K, Prabably very l i t t l e  difpereme in spacif ic  ionization. Effectiveness 
=%io of 3 $ 0  to  be emected. 

Lo The effeotiveness increased continmunly wlth the increase i n  specific 
ionization d o n g  the track* 
with the greatest specif ic  ionization divided by the effectlvenese with 
the l o p e t q  I 

Laanit&sl and Lea as in those of G m y  LII- e t  all 
t o  account far tbe differface i n  results with the same biological 
material. 

Tte  num3er in Column 5 i a  effectiveness 

Ho B e  tscbnique of' carating mitoses xas nct the seme i n  the experinrents o f  
This is probably slufficlent 

- i3, Note agreement OS comparable data in Entrfes 29 and 32, 

0. The value g i v m  for n4utron effectiveness i e  too  low, because the 
rays emitted by the cyc10,tron as a consequence of the Be-D reaction 
wfXlckedn the neutmn beam. No correction for the effect of the gamma 
rays i s  attempted because their  contribution t o  the totkl dose ifi not 
kJlOW& 

I .  

f I 1 8 5 3 9  



S I . .  of Results 

By glancing at Column 5 uf Table I and at Charts A and B, it it3 readily 6een 
that a8 the apeclfic ionization increases, the relative effectiveness of the 
various radiations nay -in unchanged, may increaso or may decrease, degend- 
ing won the nature of the irradiated object  and upon the effect studied. 

Cases of Bo Difference in Hfect ivaess  

If, f o r  the t ime being, we ignore the chemical affects [ Ehtnes 1 t a  lo), there  
remain a number of casea in whicjl no difference iu  a2fectivencss was noted, O f  
these, lhtrlea 45, 73 and 77 can prokbly be exylained OR t he  basis that l i t t l e  
or no differmce in average specific ionization existed i n  view of kyneord's 
data (1934). There remain h t r i e s  29, 31, 32, 35, 49. 50, 66, 67, 7 4 7 6  and 92, 
In mtry 29, there is W d  mason to oonclude $hat the blalog.icaJ. effect w88 
reriUg seosltive t o  specific lm tza t l on ,  but that by chance the tkme qualities 
of 2-rays had identical effectlvczws (sec Note G t o  TGbl? I.)* 
mwuing = m e s  except 35 ani 67, the oa ly  radiations employed 1vem different 
;mlit;Ses of x-rq-s, ai?. a3t?;ou& the specif ic  ionization certainly was varied 
in all of these experiments, xha variation m a  not p e a t .  
difference i n  specific ionization existed; here i e  evedently a biologfcal effect  
which is  relatively boezlsitive to specific ionization [cf. also &try 35). The 
same may be said of Ilhtnj 67- I bed e/vc 

l i l l c i n g  toge-kher a3.l of them cases of no cbnge ir: effectiveness v r i t h  opecific 
ionization, oue mw; t  conclu6.e thst  they a m  io genercrl correlated with the use 
of retiiaticas iuhici Lid cot differ greatly in specifit; io=lization* 

In all of the  
. *  

~ 

Xn Ehtry 35, a considerable . -  

LIZ53 - llr tVFWl0 c- - 
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Tiiththe exception of E;htriea 8 ,  3.9 uad 24-27, a l l  02 thene cases involve 
the higher phyla of plants (ferns, seed @anta) and of animals (insects, 
reptiles, birds and rmmmls). 
[chiefly Drosophila) 88- t o  be W a t l v e i y  insaioftive t o  specific 
ionization, regardless 09 %he effect studied (Ehtrics %-47f, but in the ofker 
phyla it is ramarkable ha7 frequentkj the effectiveness fncroases with 
rJpeciflo ionSzatimy 
c a w  of' no increase are  those in which no great difformce in  spccii'ic lon- 
fzation was investigated. 
of surviving tissue, an effect whioh is t o  dete -que in Investigations 
on specific ionlzatioa+ 

33 general, the radiovensibivity of Insects 

In fact, vdth the exception of htry 67, the  oxly 

&try 87 d e d e  v i th  inhibition of glycolysis 

u +  

- One vary nc$e~v~r%hy exception nus+, be inaiie to the statement con&naing Q$Z j  ,'I4 insects ip the last paragraph. In E n t r j  Ja, -&e have a case where the 
effectiveares6 lncreased vdth specific ionization by an winfinite" factor, 
a c h  is  to  say that an effect VPD praducsd w€th the radiation of hS@ 
specific i o n i a t i a l  which was not iboerved at a l l  with lov; spc i f l c  
ionizationu Such cases am rare. The only other is Ebtry 4, and here, 
rather astonfshiagly, we arc d e a l i n g  with a system of su;igo~eil ly very 
aimple cornpolsit ion. 

P3J 

. .  

Cases in V&Lah the Effectit-mess ?asses t h r o w  u &!&ximum or Maimin -- 

I I 1 8 5 8 1  
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on tho braad bean root f Entries 87 and 88; Chart B) Among virmses it 
is found that utrtauk strains of the  sane virus may yield .effectiveness 
ratios differing txy us mch as a factor  of 2.7 ( & t r i e s  11-13). 

Certain of the  results with non-living systems are  worthy of note. 
Wthoq@i most of the eficctiveneso ratios turn aut ‘to be I&, we find 
among Ehtries 1-10 a reage of ratios greater than exists amoq the bfo- 
logical objects. 
in Fktry 8 .there t e  a high ratio com$u’able to some of the highest Found 
mng the higher plants and animals, whfle Entry 4 I s  one of the t w  
h o r n  instances of an “infinite” ratio, 
m y  be 3s im-mrtant i n  radio-chemistry as in radio-bifrlogy- 

In &try 5 we have the lotvest effectiveness katio recorded, 

Specific ionization apparently 

Remarks 

The data summ.3rized above have a certain significance 
of protection. 

f rom the 

It has been show repeatedly that, i n  the groduction 4-f Injuri 

s t andw int 

us effmts 
in boeh the higher Idents and t h e  higher animals, the amount of injtlrg 
produced per iarit of a5sorl:sd energy increases with the speoiflc 
ionization of the radiation. 
neutrons is greater than th3-k of x-rays or gamma rays by fac tors  ranging 
vg t o  20 [&try ?€la), and it nwt be remembsred %ha+, the effectiveness rafics 
are c a l o u l a t e r i n  such a way ;1s t o  &e them conservativelg low. Alt:lou& 
mst of the effects on zamdim tissues show effeativenees r a t i o s  m q i n g  
Prom 2 t o  3 ,5 ,  it m u s t  be p i n t e e  out  that to  date compra-bivsly ftz; 
mutron imss t iga t lons  ham beta carr ied oct  on nxmtiidian tisscqn in -rive.. 
Siaco, as :vas pointed out ‘;hree garegp,.hs back, different efcects on $he 
same biological  ob j oo t  zay exhl5it considerably differen% effectiveness 
patios,  a 6lstinc-G p s s f b i l L t g  e x l s t a  “,ha5 further observation xi-11 disciose 
i lrportant i n j - n i o u s  ei’f ?cts 0x1 inzmmiLs which have nsut=n/x-ray effectiveness 
r3 t io s  ragi= q to lG*> 
“SioLogiCef effec:, thaw$ at present W.so;;?l, is a %reat. 
ad nmero‘ta in:rcsfi;=;itio,ne Cdlay this threat b f j  Z a i l u e  t o  rcveal injurious 
eT-PecT8 eli5rmely s e u l t l v e  t~ s2ecif ic  :‘Lcixiza-lior:, special  Sreaautions seam- 
“;a 56 indicated v & e n  set ing toloranee doses in situa%ions where fast neutrons 
constitute c sizezble fraction 32‘ the LoZlal radiatioa present. 

In particular, the injurious action of fast 

7rom %he protcclion stmdwint, c&y cne such 
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