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Abstract - Rksumk - A~iiorauwu - Resumen 

SLOW PROTON IRRADIATION OF POLYETHYLENE TEREPHTHALATE. Epithermal neuuons interact 
with maner producing recoil protons which in nim uansfer energy by ionization and by collision with nuclei 
In an atternpt to separate the effeca prcduced by these various processes foils of polyethylene terephthalate 
(Hostaphan, Melinex or Mylar) were irradiated with slow protons in the energy range from 2 to 12 keV and 
the changes of the optical absorption caused by the irradiation measured specuophotometrically. 

Densely ionizing radiations (slow protons, 3 . 4  MeV alpha particles. and 2 MeV protons) induce in 
Hmtaphan a sharp absorption maxirnum at  308 mfi. At high doses of slow protons this maximum readies a 
Saturation value. The height of this saniration value iccreases with increasing proton energy. The D„ (I. e. 
dose to reach 63% of the saniration value) for protom from 2 to 12 keV is 4 X 1014 proton/cm2(1 20%) 

To prcduce the maximum at 308 mfl slow prorons are more efficient than 3.4 MeV alpha particles (by a 
factor of 1.2 to 1.7) and 2 MeV protons (by a factor of 1.7). The reason might b e  that slow protons with 
velocities appreciably smalier than vg (vo =c/ l37 = velocity of an elecuon in the lowest orbit of a hydrogen 
atom) ionize with a hgher probabiliry than generally assumed. 

Irradiation with low energy protons produces also a broad absorption maxmum at 250 mp. which is not 
obsewed after irradiation with 2 MeV protons (in vacuum) or with 3.4 MeV alpha parricles (in helium under 
atmospheric pressure). At higher doses this maximum also reaches a Saturation value. but thir value is equal for 
all proton energies between 2 and 12 keV and corresponds to a DJ7 of 0.8 X 10" proton/cm2 Thu maxmurn 
U thought to be due to a mechanisrn whch has an appreciable efficiency only below 2 keV proton energy. 
The nature of this mechanism isunknown, but it may be caused either by a chemical reaction of the Zero energy 
protons with the plastic molecules or by elastic collisions of the ptutons with aromic nuclei. It is rernarkable. 
however. that this mechanism (as evident from the D3, values) is more efficient in changing the properties 
of Hostaphan than rhe ionization mechanism of densely ionizing radiation (slow protons or 2 MeV protons. 
respcctively). 

The experimena described here show clearly that the energy of very slow protons which are prcduced by 
epithermal neutrons U transferred to matter not oniy by ionization processes but also by another mechanum 
occurring at low proton energies. Thu mechamsm of energy uansfer, if shown to lead to biologically imponant 
consequences may have a bearing on Setting tolerance luniu for eptthermal neutrons. 

IRRADIATION DU TEREPHTALATE DE POLYETHYL~NE PAR DES PROTONS LENTS. L'intetaction des 

neutrons ipithermiques er de la matikre praiuit des Protons de recul qui, B leur tour. transft5rent de l'inergie 
par ionisation e t  par collision avec les noyaux. Pour essayer d e  siparer les ef fea  de ces divers processus. 
l'auteur a irradii des feUilles de tir6phtalate de polyithylene (Hostaphan. Melinex ou Mylar) avec des protons 
lena de 2 i 12 keV et 11 a mesuri par spectrophotomitrie les modifications de l'absorption optique c a u s k  par 
l'irradiation. 

Les rayonnemenis forrement ionisann (protons lenü, particules alpha de 3.4 MeV et protons de 2 MeV) 
induisent dans 1'Hostaphan Une intense absorption, qui est maximum B 308 mu. A des daes  i l e v k  de protons 
lenrs. c e  maxunum aueint Une valeur de saturanon. Cette valeur de  saturation augmente avec l'inergie des 
protons. La D37(c'est-i-dire. la dose nicwaire  pour arteindte 6370 de la valeur de saturation) pour les protons 
de 2 i 12 keV est 4 '  10" protons/cmz (I 207'0). 

Pour obtenir c e  maximum i 308 rnp. les protons lena sont plus efficaces que les particules alpha de  
3 .4  MeV (de 1 .2  i 1.7  fois) e t  que les protons d e  2 MeV (1.7 fois). On peut en voir la raison dans l e  fait 
que pour des protons lena ayant des vitesses notablement infitieures i vo(vo=c/137=vi twe d e  l ' i lecuon 
d'un atorne d'hydrogkne), la probabilite d'iomsation est plus grande qu'on ne l e  pense giniralement.  
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L*irradiation Par des protons de  basse inergie produit igalement un large maximum dlabsorption a 
250 mp, que I1on n'observe pas aprh l'irradiation par des protons de 2 MeV (dans le vide) ou par des panicules 
alpha de 3 ,4  MeV (dans l'hilium i la pression aanosphirique). A des doses p l ~  ilevees. Ce maximum attelnt 
egalement Une valeur de saturation. qui est la meme pour toutes les inergies des Protons entre 2 et 1 2  kev et 
correspond i Une D ,  de 0.8 . 10i4 protons/cm2. On pense que Ce maximum est du i un micanisme quinSa 
Une efficaciti appriciable qu'au-denous d'une inergie de 2 keV. On ne c o ~ a h  pas la  nature de ce mica- 
nisme, mais il  peut Btre causi soit Par une riaction chimique des protons d'inergie Zero avec les molicules 
plastiques, soit Par des collisions ilastiques des protons avec des noyaw atomiques. ii convient toutefois de 

noter que ce  micanisme (tel qu'il apparah d'aprh les valeurr de  la D„) modifie plus efficacement les pro- 
priit& de llHostaphan que le  micanisme d'ionisation des rayonilemenn fortement i0niSanD (protons lenn ou 
protons de 2 MeV. selon le cas). 

Les expiriences dicrites dans le mimoire montrent clairement que l'inergie des pmtons tris lents, tek 
qu'ils sont produits Par les neutrons ipithetmiques. est transfirie i la matiire.  non seulement Par des pro- 
c w u s  d'ionisation, mais egalement par un autre micanisme se produisant a w  bassa inergies protoniques. 
Ce mecanisme de transfen d'inergie peut avoir une infiuence sur l'etablissernent des lirnites d e  tolirance 
p u r  les neutrons ipithermiques, si l'on itablit qu'il a des consiquences importantes du point de vue biologique. 

OBnYqEHME MEAJIEHHbIMU IIPOTOHAMM IIOJIM3TMJIEHOBOTO TEPEC'TAJIATA. 
Han~ennosb ie  ~ e t i ~ p o H b i  ~ 3 a n ~ o n e ü c ~ ~ y m T  C eeurecraou,  n p o e 3 ~ o n n  npoTOHb1 OTnaYH, KOTOpYe 
B CBOD oqepenb nepenamT 3~eprwio nyreu nonH3auHri H C T O ~ K H O B ~ H H ~  C xnpaMH. Ann pa3nene~wn 

~ @ @ ~ K T o B ,  npOw3BOnHMbiX 3TWMW pa3nH'IHblMH IIPOUeCCaMH, @0nbry H 3  ~ ~ O ~ ~ H ~ T H J I ~ H O B O ~ O  Tepe@Ta- 
naTa (Xocza<paw, M e n w ~ e ~ C  wnw Mwnap) o6nysanw MennennbIMn npoToHaMfi C o ~ e p r ~ e f i  01 2 no 
12 KeB ü c n e ~ ~ p o @ o ~ o M e T p n Y e c ~ H  HJMepWlH H3MeHeHHfl O ~ T K Y ~ C K O ~ ~  ~ ~ C O ~ ~ U H H ,  Bb i3Ba~~of i  d n y -  
'IeHHeM. 

M3ny'IeHHn C BbICOK0Ü li,TOTHOCTbD HOHH3aUHH (MelUleHHble npOTOHb1, ~ J I ~ @ ~ - Y ~ c T H u ~ I  C 3HeP- 
r ~ e ü  3,4 M3B H iipOTotib1 C 3neprHefi 2 M38) BbI3bIBa#JT B xocTa@aIie pe3KHR MaKCHMYM ~ ~ C O P ~ U H H  

npti 3 0 8  M M K .  npw B ~ I C O K H X  noaax MenneHwbix IIpOTOHOB JTOT MarcuuyM nocTnraeT BenwqHHsi 
HaCbImeHHII. B ~ I C O T ~  3 T 0 Ü  BeJiHYHHbI HaCbiUeHMX BO3paCTaeT C YBenH'IeHHeM 3HepTHH flPOTOHOB. 
4, (1.e.  nosa, neo6xonn~an nnn nocinxetiwn 63% BenwuHHsi ~ a c b i m e ~ ~ u )  m n  npozoHos C s ~ e p r ~ e ü  
OT 2 LI0 12 K3B PaBHReTCR 4.10'' I I / C M Z  (f 20%). 

Ann nonyveHnn Maitcnuyua npn 308 M M K  MennewHbie npororcbi nsnniozcn 6onee ~ @ @ ~ K T H B -  

H Y M H ,  qeu  a n b @ a - r l a c ~ w u ~  C 3 ~ e p r ~ e i i  3,4 M3e (Ha @ a ~ ~ o p  OT 1,2 no 1,7) H npoToHsl C o ~ e p r ~ e t i  
2 M38 ( ~ a  @ ~ K T O P  1,7).  ~ P H ' I H H ~  MOXeT COCTOIlTb B TOM, YTO MenneHHble IiPOTOHbl CO CKOPOCfnMH 
~ w a ~ w i e n b ~ o  MeHbmHMH, Y ~ M  v0 (v0 = ~ 1 1 3 7  = CKOPOCTH 3neKTpOHa, Bpamanmerocn no nanueHb- 
meti o p 6 ~ r e  a r o u a  eonopona) H O H H ~ H P Y D T  C 6onbmeü cteneHbn BeponrHocTw, u e u  0 6 ~ ~ ~ 0  npen- 
nonaranii. 

06nyuenwe npOTOHaMti HHJKHX 3HePrHÜ Bb13bIBaeT TaKXe mHpOKyio MaKCHManbHYIl ~ ~ C O P ~ U H ~  

npH 250 M M K ,  K O T O P O ~  He ~ a 6 n n n a e i c n  nocne 0 6 n y q e ~ ~ n  IIpOTOHaMH C m e p r ~ e i i  2 M ~ B  (B e a ~ y y u e )  
HnH a n b t p a - q a c ~ w u a ~ n  C 3 I i ep r~e t i  3,4 M ~ B  (B rennH IIpH ~ T M O C @ ~ ~ H O M  n a s n e ~ ~ w ) .  ~ P H  6onee 
BbICOKHX m3aX 3102 MaKCHMYM XOCTHraeT TaKXe BeJIHYHHbi HaCbiUeHHn, HO 3Ta BenHYHHa OXiiHaKo- 
Ba M n  BCeX 3Hepr~R nPOTOHOB B llHaIla30He 0 1  2 80  12 K 3 B  H COOTBeTCTBYeT 4, 0,8.101'  CU'. 
3101 MaKcwMyu, KaK n o n a r a w ,  nonxeH 6b11b CBR3aH C M ~ X ~ H W ~ M O M ,  K O T O ~ ~ I ~ ~  MMeeT ~ ~ M ~ T H Y W  

~ @ @ ~ K T W B H O C T ~  TOnbKO nnn nporoHoB C 3~eprweü  HHxe 2 K ~ B .  X a p a ~ ~ e p  310ro M ~ X ~ H H ~ M ~  ~ e w 3 -  
BecTeH, H O  OH M O M ~ T  Bb13bIBaTbCR wnw XiiMHuecnoÜ pea~uueü  npOTOHOB ~ y n e s o f i  3 ~ e p r ~ w  C nnaCTHqe 

HblMH MOneKYnaMW WnH YnPYrHMW CTOnKHOBeHHRMw npOTOHOB C aTOMHYMn RnpaMW. np~Me'IaTenbH4 
OHHaKOp Y 1 0  3101 MeXaHm.4 ( K ~ K  BHnHO H3 BenH'IHH 4,) RBnleTCn 6onee ~ @ @ ~ K T H B H ~ I M  LlnR H3Me- 
HeHHn C B ~ ~ ~ C T B  x o c ~ a @ a ~ a ,  qeu  nonH3aunoHnUR M ~ X ~ H W ~ M  panHaUnH C B ~ I C O K O ~ ~  nnOTHOCTbW HOHH- 

3 a ~ ~ ~ ( ~ e n n e ~ ~ b i e  nPOTOHbl wnw nPOTOHbl C 3Hepr~eÜ 2 M ~ B  C O O T B ~ T C T B ~ H H O ) .  
O n ~ c a ~ ~ b l e  3neCb ~ K C ~ ~ P H M ~ H T ~ I  !?CHO nOKa3bIBamT. 'ITO 3HeprHR O'IeHb Men,IeHHbIX IlPOTOHOQ, 

npowsmnwubix n e ü r p o ~ a ~ w ,  nepenaelcn seurecrey He TOnbKO npw npoueccax woHH3aUHH, H O  

C noMoabm nPYrOr0 MexaHxJua, neüc~eyou ie ro  npw uanbix 3HeprHRX npOTOHOB. 3 1 0 ~  MeXaHi13M 
nePenaqH sHePrnw, KOTOPbIfi, KaK n o ~ a 3 a ~ 0 ,  Bener K 6 n o n o r n q e ~ ~ n  BaMHblM noCnenCTBHn~, M O ~ T  

HMeTb 3HaqeHWe npw ycTaHoBneHu~ npenenoe YCTOÜYHBOCTW H a n T e n n ~ B b l ~  ~efiTp0HOB. 

IRRADIACI~N DEL TEREFTALATO DE POLIETILENO CON PROTONES LENTOS. Por interaccion de lor 
neutrones epitimicos con la materia. se producen protones de reuoceso que a su vez transmiten energia POr 
lonizacion y por Cheque con los nicleos. A fin de diferenciar las efectos debidm a estos distintos procesas. e1 

autor irradio liminas de tereftalato de plietileno (Hostaphan. Melinex Mylar) con protones lentos de energias 
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comprendidas entre 2 y 12 keV y midi6 especuofotomitricamente las variaciones de su absorcion optica pro- 
vocadas por la irradiacion. 

Las radiaciones de  elevada densidad de ionizaci6n (protones lentos. particulas alfa de 3 .4  MeV y protones 

de 2 MeV) provocan en e l  Hostaphan un pronunciado miximo de absorcion a 308 mp. Para dosis elevadas de 
protones lentos, este miximo alcanza un valor de saturaci6n. La magnitud de dicho valor de saturacion crece 
al aumentar la energia de los protones. La D„ (es decir, la dosis necesaria para alcanzar e l  63% del valor de 
saturaci6n) para los protones de  2 a 12 keV es 4.1014 protones/cmz(i 20%). 

Por 10 que respecra al rnixirno en 308 mp. los protones lentos son de 1 . 2  a 1 . 7  veca  rnis eficaces que las 
particulas alfa de  3.4 MeV y 1 .7  veces mi? eflcaces que los protones de 2 MeV. Ello se  explica a l  parecer 
por e l  hecho de que los protones lentos. de velocidades apreciablemente inferiores a vo(vo = c/l37=velocidad 

de un electr6n en la 6rbita mi? baja de un itomo de hidr6geno) ejercen und acci6n ionizanre w n  un grado de 
probabilidad mayor que el generalmente admitido 

La irradiacion con protones de baja energia tambiin prcduce un amplio miximo de absorci6n a 250 rnp. 
que no se observa despu& del bombardeo con protones de 2 MeV (en el vacio) ni con particulas alfa de 3.4  MeV 
(en helio a presi6n aunosfirica). Con dosir mayores este rnixirno alcanza tambiin un valor d e  samaci6n. 
pero en este caso dicho valor permanece constante para tcdas las energias protonicas comprendidas entre 2 y 
12 keV, y corresponde a una Dsi de 0.8. 10" protones/crn2. Se supone que este mäxuno se debe a un rne- 
canismo cuya eficiencia solo se hace apreciable por debajo de una energia prot6nica de 2 keV La naturaleza 
de ese mecanismo no se conoce. pero es posible que sea causado por una reaccion q u h i c a  entre los protones 
de energia cero y las moliculas del material plistico o bien por los choques elisticos entre los protones y lm 
nicleos atomicos. De tcdos mcdos. es norable que dicho mecanisrno (segun se desprende de los valores de Dn) 
sea mäs eficiente para alterar las propiedades del Hosraphan. que la ionizaci6n de las particulas densamente 
ionizantes (protones lentos o protones de  2 MeV, respectivamente), 

Los experunentos descritos en la memoria demuestran claramente que la energia de  los protones muy 
lentos. tales como los que prcducen los neutrones epitirmicos, es transmitida a la materia no solarnente en 
virtud de  procesos de ionizaci6n. sino tambiin por otro mecanismo que interviene a energias protonicas bajas. 
Si se cornprobara que este mecanismo de transmiri6n de energia tiene consecuencias biologicas importantes, 
podria influir en la imposici6n de  limites de rolerancia para los neutrones epitirmicos. 

INTRODUCTION 

It is generally assumed that the tolerance dose for  epithermal neutrons 
l i e s  between the  to lerances  for  the rmal  and fo r - fas t  neutrons. By com- 
paring the way thermal, epithermal, and fast neutrons interact with matter 
such an assumption does not seem t o  be justified without fur ther  experi-  
mental  proof [ l  - 41. 

To calculate the dose for  thermal  neutrons the well-known c ross -  
sections fo r  neutron capture  a r e  used. In biological mate r ia l  two important 
reactions a r e  possible: radiative capture by hydrogen and an (n, p) process 
with nitrogen. These reactions produce 2.2-MeV gamma rays and 660-keV 
protons, respectively. F r o m  the ionization efficiency of these radiations 
the energy absorbed by the m a t e r ~ a l  is calculated. Fast  neutrons lose ener- 
gy mainly by elastic collisions leading to recoil protons. When slowed down 
to thermal energies the neutrons undergo capture reactions a s  set out above. 
F r o m  the ionization efficiency of the recoi l  protons and that of the  radi-  
ations produced in nuclear reactions the dose fo r  fas t  neutrons is calcu- 
lated. 

The dose fo r  epithermal neutrons has  usually been determined in the  
Same way. The recoil  protons liberated in elastic collisions have a smal l  
cross-section f o r  ionization (according to  theory). When the dose is cal- 
culated f r o m  the ionizations only the proportion of the  dose  delivered by 
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the recoi l  protons is about 1/10 of the total  dose. The  m a j o r  f ract ion is 
supplied by the nuclear reactions of the neutrons slowed down t o  the rmal  
energies  151. The s m a l l  contribution by reco i l  protons t o  the  to ta l  dose  
is somewhat surprising. In mate r ia l  containing hydrogen a slow neutron 
of e. g. 1 keV energy can knock several  hydrogen atoms out of thei r  mole- 
cular  positions until the energy of the  p r imary  neutron is so reduced that 
th is  process  is no longer possible. The slow recoil  protons thus produced 
can liberate more protons by elastic collisions. Together with these second- 
a r y  recoil  protons the total  number of hydrogen atoms removed from their  
molecules is considerable.  It is, however, not possible to  es t imate  the  
total number of recoil  protons produced in th is  way a s  it is unknown which 
part of the energy of the recoil protons is used for the excitation of vibration- 
al and rotational levels  of the molecules and which pa r t  of the  energy is 
t ransferred in the process of electron capture and loss.  This las t  mecha- 
nism certainly occurs a t  very low energies but it is usually ignored in dose 
calculations. Furthermore it is possible that the recoil protons after having 
lost  their  kinetic energy react with other hydrogen atoms. By this mecha- 
nism the number of the hydrogen atoms removed from their  molecules can 
be additionally increased without the occurrence of ionization. Finally,  
radiation energy i s  transferred to matter by the removal of a hydrogen atom 
from a molecule and not only by the removal of an electron. 

The above considerations of elementary processes justify the question 
why in most estimations of dose for  slow particles the energy absorbed in 
electronic processes only i s  taken into account, whereas the energy trans- 
f e r red  in elastic collisions has  usually been neglected. They also indicate 
the need for detailed experimental studies of which the present paper forms 
a part. 

MATERIAL AND METHODS 

Up to  now no experiments have come to our knowledge dealing with the 
biological effects of epithermal neutrons. Probably th is  is due to  experi- 
mental difficulties in the production of monoenergetic slow neutrons (athigh 
intensities) and in the dosimetry of these neutrons. Moreover, in such ex- 
per iments  one would always have to deal with a mixture of effects due to  
recoil  protons produced by the neutrons and of effects caused by radiations 
arising from nuclear reactions. It is, however, possible to separate these 
two effects by irradiations with low-energy protons. A s  a simple system 
f o r  such experiments plastic foils can be used. It was  f i r s t  repor ted in 
1951 that the absorption spectrum of plastic foils is changed by ionizing 
radiations 161. But i t  is difficult to  determine which changes within the  
plastic mate r ia l  a r e  responsible f o r  the observed changes in the optical  
transmission. One would expect specific reactions like production of stable 
radicals, main chain breaks, o r  cross-linking to cause characteristic changes 
in absorption. Consequently, one may hope t o  differentiate between dif- 
ferent mechanisms of energy t ransfer  leading to different reactions by the 
appearance of different absorption spectra.  

To  verify th is  assumption irradiation experiments w e r e  c a r r i e d  out 
with thin foils of polyethylene terephthalate commercia l ly  obtainable a s  
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Hostaphan* and equivalent to Melinex and Mylar. In the experiments foils 
of 6.5pm thickness were used - the thinnest foils readily available. Hostaphan 
contains no plasticizers or  polymerizers and has a constant chemical com- 
position. This fact i s  most important. since in experiments with particles 
of only 200 A range a varying distribution of additional substances wili easily 
cause experimental errors.  

The absorption spectrum of an unirradiated 6.5-pm thick Hostaphan 
foil is given in Fig. 1. The foil is transparent to visible light but i t s  ab- 
sorption increases rapidly at wave lengths below 315 nm. In order to determine 
smail changes of transmission in the ultraviolet region the absorption of 
the foils wasmeasured before and after irradiation in comparison to the 
same control foil in a spectrophotometer (Zeiss PMQ 11). The differente 
of these two readings gives the change in optical absorption produced by 
the irradiation and is largely independent of e r r o r s  due to reflection and 
scattering. 

The foils were irradiated in vacuo with slow protons from an acceler- 
ator, the construction and operating conditions of which will be described 
elsewhere. The range of proton energy was 2 to 1 2  keV. 

W&ength- 

Fig. 1 

Absorption specuurn of an unirradiated 6 . 5 ~  thick Hostaphan foil 

* 
T Trade narne: Kalle & C o . ,  Wiesbaden. Gerrnany. 
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RESULTS 

The absorption spectra  produced in Hostaphan by irradiation with 
slow protons of different energies a r e  shown in Fig. 2. The dose was about 
5 X 10 14 protons/cm2for all  energies. A sharp maximum is observed at 308 nm, 
the height of which (compared with the absorption a t  300 nm) increases with 
increasing proton energy. Beside this sharp peah there i s  a broad maximum 
a t  250  nm. I ts  heighf (compared with the absorption a t  300  nm) is equal 
f o r  all  proton energies. F rom this fact w e  may infer that the broad maxi- 
mum at 250 nm is diie to a mechanism which i s  efficient at proton energies 
below 2 keV. 

In order to  test  th is  conclusion Hostaphan foils were irradiated in vacuo 
with 2-MeV p r o b n s  f r o m  a high voltage Van de Graaff accelerator and also 
in helium under a tmospher ic  p r e s s u r e  with 3.4-MeV alpha par t ic les  f r o m  

Fig. 2 

Absorption spectra produced in Hostaphan by irradiation with slow Protons of  different energies. 
the doses being about 5 X  1014 protons/cmz 
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a Po210 source.  In either c a s e  the par t ic les  have sufficient energy t o  
t raverse  the  foil completely losing about 100 keV and 800 keV, respectively. 
Therefore,  mechanisms specific for  the end of the range of the pa r t i c les  
cannot contribute to  the observed effect. The spec t ra  thus  obtained show 
the sharp peak a t  308 nm but not the broad maximum at 250 nm (Fig. 3) de- 
monstrating c lear ly  that the absorption peak a t  308 nm 1s caused by ion- 
izing radiation. 

The absorption peak a t  308 nm measured for  different proton energies 
increases  with dose. Figure 4 shows for  12-keV protons that the height of 
th is  peak reaches  a saturation value for  high doses.  Th i s  saturation can 
be explained by assuming that within the range of the protons a l l  chemical 
bonds contributing to the peak at 308 nm have been altered. This assumption 
is supported by the fact  that the  logarithm of the differente between satu- 
ration value and change in optical density plotted against dose is a straight 
l ine  (Fig. 5). Exactly the Same resul t  is found with proton energies  of 2, 
3, 5, and 8 keV. The saturation value, however, decreases  with decreas- 
ing proton energy (i. e., with decreasing range of the protons).  The D37 

(dose to  reach 63% of the saturation value) amounts to  4 X  1014 protons/cm2 
(f 20%) within the energy range studied, i. e . ,  2 t o  12 keV. The init ial  
slope of the dose-effect curves  (Fig.4) gives the efficiency to  produce the 
peak a t  308 nm. The  energy expenditure f o r  a change in optical  density 
of 0.01 is 7.7 krad/cm2 (f 2070) fo r  slow protons and about 1 3  krad/cmZ 
for  2-MeV protons. Slow protons a r e  hereby more  efficient in producing 
the peak a t  308 nm than fas t  protons. 

2 kev PQars 

, . . . . . . i V.-. 

2 MeV protom 

C 

34MeV alpha particles 

Absorption specua produced in Hostaphan by irradiation with 2-keV protons (13  krad) . 
2-MeV protons (45 krad) and 3.4-MeV alpha particles (about 75 krad) 
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0 0 0 1 2 3 4 5 6 7 8 ~ x ~ ~ P R o T O N S  /cm2 

Dose - 
Change in optical density at 308 nm produced tn Hostaphan 

by irradiation with 12-keV protons at different doses 

The increase of the broad absorption maximum a t  250 nm plotted 
against dose of 2-keV protons reaches saturation value more quickly than 
the ionization peak at 308 nm (Fig. 6). The D31 fo r  the increase of the 
250 nm maximum derived from the half-logarithmic plot of the difference 
between saturation value and absorption change versus  dose (Fig. 7) was 
determined to be 0.8X 1014 protons/cm2. Comparing this dose to the dose 
values given above the broad absorption maximum i s  produced by a mecha- 
nism which i s  more efficient by a factor of 5 than the ionization o r  exci- 
tation mechanism of 2-keV protons and 8 times more efficient than the ion- 
ization o r  excitation mechanism of 2-MeV protons. 

DISCUSSION 

It is not yet possible to say much about the kind of changes in the plastic 
mater ial  causing the observed spectra.  Nevertheless, both maxima (at 
308 nm and 250 nm) a r e  obviously due to quite stable energy states. Storing 
in a i r  at room temperature for  eight weeks after irradiation o r  heating up 
to 100' C for one hour produced no appreciable change in the two maxima. 
The sharp peak at 308 nm is found af ter  irradiation with 2-MeV protons 
o r  3.4-MeV alpha particles as well a s  af ter  irradiation with low- energy 
protons (2 to 12 keV). Therefore, it i s  evident that this peak is caused by 
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Dose + 
Fig. 5 

Difference between saturation value ( A e x t c )  and change in optical density (Aext) at 308 nrn 
produced in Hostaphan by irtadiation with 12-keV protons at different doses 

Fig. 6 

Changes in optical density at 308 nrn (black dots) and 250 nm (Open circles) 
produced in Hostaphan by irradiation with 2-keV protons at different doses 
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Fig. 7 

Difference benreen Saturation value (Aextc) and change in optical density a t  308 nm (black dots) 

and 250 nm (Open circles) produced in Hostaphan by irradiation with 2-keV protons at  different doses 

the ionization o r  excitation effect of the various radiations. It i s  remark- 
able, that slow protons a r e  1. 7 t imes more efficient than 2-MeV protons 
t o  produce this ionization peak. 

In the energy range f rom 2 to  12 keV the cross-section for  electron 
capture is qssentially higher than that for  electron loss  so  that about 90% 
of the incident protons a r e  neutral hydrogen atoms while passing through 
matter [7]. The ionization cross-section of neutral hydrogen atoms below 
22 keV energy i s  higher than that for protons of the same energy (by a factor 
of alrnost 2 a s  measured in hydrogen for  particle energies of 9 keV [8]). 
Ionizations a r e  also produced by the process of electron capture and loss. 
Both these effects a r e  generally neglected in dose calculations. From these 
facts  we may conclude that the ionization yield of low-energy protons is 
higher than normally assumed and thus may explain the efficiency of slow 
protons to produce the ionization peak at 308 nm. 

Two possible mechanisms of producing the broad absorption maximum 
at 250 nm seem to deserve consideration here. 

(i) A simple chemical reaction of the protons with the molecules of the ir- 
radiated substance. 

Afterhaving lost their kinetic energy the protons are ,  in fact, atomic 
hydrogen which i s  known to be rather reactive. Thus the protons might re- 
act  at  the end of their paths with the molecules of the Hostaphan causing 
the absorption maximum at 250 nm. We have no evidence for  this reaction 
so  f a r  but i t  i s  energetically possible to occur: The bond energy of R-H, 
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where R is any organic molecular residue, i s  95-100 kcal/mole, the bond 
energy of hydrogen H-H i s  103.4 kcal/mole. An experiment to investigate 
the influence of atomic hydrogen on Hostaphan is now under way. 
(ii) Elastic collisions of the protons with atomic nuclei. 

It is known that the cross-section for elastic collisions r i ses  with de- 
creasing proton energy whilst that for ionization falls (below 60 keV proton 
energy). According to calculations by SNYDER and NEUFELD [9, 101 
the cross-section for  ionization of 2-keV protons in t issue is about twice 
that for elastic collisions. To a first approximation this ratio may be taken 
to be applicable to Hostaphan also. In the experiments with 2-keV protons 
the saturation value f o r  the ionization peak (at 308 nm) was found Io be 
0.02 and that of the broad maximum (at 250 nm) to be 0.012. Assurning 
that the products formed by the two different mechanisms have the Same 
extinction coefficient per mole (which might be t rue within a factor of 10) 
these experiments agree with the cited calculations. On the basis of our 
present knowledge elastic collisions cannot, therefore, be excluded a s  a 
possible mechanism producing the peak at 250 nm. A clear proof, however, 
for or  against this point i s  not yet available. Nevertheless, our experiments 
demonstrate clearly that slow protons a r e  quite efficient in changing the 
properties of matter. Moreover they show that at very low proton energies 
there exists a mechanism of interaction which is 5 to 8 times more efficient 
in changing the properties of Hostaphan than densely ionizing radiations. 
Should analogous experiments using biological mater ials  show a s imi la r  
ratio of efficiencies fo r  damage, tolerance doses for  epithermal neutrons 
might have to be revised. 

The author i s  most grateful to Professor K. G. Zimmer for  his con- 
tinued support and interest in this study. His thanks a r e  due also to  
Dr.G. AHNSTRÖM and Professor L. EHRENBERG for kindly makingavail- 
able an unpublished report [ l l ) .  
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J . F .  FOWLER: F i r s t ly ,  have you any information about the  change 
in the optical absorption of Hostaphan a s  the resul t  of irradiation by X- o r  
y-rays  o r  fast electrons? Ear l i e r  work by Boag and others  showed a peak 
outside the  250-nm region,  which faded rapidly  and which a l s o  depended 
upon the  p resence  o r  absence  of oxygen. Secondly, w e r e  your  spec imens  
i r r ad ia t ed  in  vacuo but s to red  in a i r ?  

H. JUNG: A s  you say, Boag and CO-workers (J. W.  Boag, G. W.  Dolphin 
and J. Rotblat, Rad. Res .  9 (1958) 589). using high-energy electrons, found 
a n  absorption peak a t  325 nm.  Effects  in the  ultraviolet  region w e r e  not 
measured,  the  spec t ra  being r ecorded  f r o m  315 nm towards  higher wave 
lengths. The peak at  325 nm consists  of two components. one of whichfades 
rapidly, the other remaining practically constant. 

I have done some  exper iments  using Co60 y - rays  and the  spec t ra  ob- 
tained af ter  i r radia t ion under anaerobic conditions a r e  the s a m e  a s  those  
found a f t e r  i r r ad ia t ion  with 2-MeV protons  o r  3.4-MeV alpha p a r t i c l e s .  
Within the experimental accuracy of severa l  pe r  cent, no fading of the sharp  
absorption peak a t  308 nm was found ove r  a period of two months. I r r ad i -  
ation with y - r a y s  in the presence  of oxygen induces absorption spec t ra  of 
somewhat different shape. An additional maximum appears at 325 nm, which 
should be identical with the constant component repor ted  by Boag, a s  the  
spect ra  were  found to  remain  unchanged over  many weeks. The dose r a t e  
used in my experiments with y - rays  was too low (about 1 mrad/h)  to measure  
the fading component. 

All proton experiments were performed in a high vacuum below 10-5 mm 
Hg. After irradiation, the samples were stored in a i r ,  a t  room temperature. 

G.  AHNSTRÖM: Does the  308 n m  peak move towards  longer  wave 
lengths  a s  dose  inc reases?  

H .  JUNG: We observed no shift of the  maximum towards  longer  o r  
shor t e r  wave lengths in the  dose range studied. 

L . G .  EHRENBERG: In studies of i r radia ted  seeds.  t he re  a r e  cer ta in  
indications of qualitatively different effects - compared with those obtained 
with medium-energy neutrons - when there  i s  a l a rge  contamination of epi- 
thermal neutrons, o r  at higher energies where a greater  fractionof the dose 
is due to heavy ions  (chiefly C and 0 ) .  One such effect is a high s t e r i l i t y  
r a t e  a s  compared with the  mutation ra te ;  another  is a high f requency of 
smal l  fragments - these a r e  also observed a s  a consequence of P32  incorpor- 
ation in the nuclear material ,  possibly a function of recoil P(+ C )  ions. These 

,qual i ta t ive  effects may  be due t o  the  types  of mechan i sm d i scussed  by 
D r .  Jung, o r  t o  high L E T .  D r .  Snyder has  demonstrated the  L E T  distr i-  
bution of 0.1-MeV neutrons to  be between those of 0.5- and 2.5-MeVneu- 
t rons .  I t  would be of value t o  include in calculations of the kind m a d e  
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by Dr.  Snyder the fraction of energy dissipated in elastic collisions of par- 
t icles.  

H. JUNG: I agree, but this procedure is very difficult because of the 
ent i re  lack of experimental data. It is not even possible t o  determine the 
absolute nurnber of recoil protons liberated by a particle of a certain energy 

P r o f e s s o r  Ehrenberg l s  experiments indicate that s e e d s  have dif- 
ferent responses to  neutrons of different energies. If this is due to the oc- 
cur rence  of elastic collisions, i t  is not yet possible t o  t r ea t  th is  problem 
quantitatively, because we do not know the effectiveness of damage due to  
an elastic coiiision compared with that of an ionization. Much experimental 
work will therefore be necessary before the action of very slow particles 
is understood. 


