





.rvogecd north as far ea 1s consistent with oouplote rediation safuty,: During tidsg
.. go information should be continmuously received by the telsmetry system, The
movement of t%e. vessel vill be determined both by this infomation ond by that
available fyem instrumants on doard, 4an ostimate, necesserily without ANy accursoy,
ls that the poriod will last abo it one hour snd that the vossel will 20 to a
position about aix miles south of the targat, At sbout this time the H.C,V,, will
bo required to cest the 'eveouation boat' serrying all staff from H,1, who will
Lave cubirked, with tlelr records, sbuut 4 hour after the sxplosion, This procedure
is necessary since the perty und sny matorial they are sorvying mst he ohecksd

ond possed aa ‘alean' before going to the Base Suip, . -

Having received the party from Hol and procaedad to s position deterrined by
the radiation conditione,the #,C,V., »ill despatoh teo boate fop reconnaiseance,
Tho ‘evscualion hant® oan be used for Lids purpose, In miproximate terms one will
take a northerly direction and make for T,l if praoticsble and the other will take
& nortr vesterly direction with a vies to ap ronching T.5 end M,1 from the east,
It %1l not hiwovor be ths function of these expaditions to recovar the records
accessible from these jomitions but to obtein infomution on radisticn lavels,
thus anabling the pattern to bo plotied on- tie ,C,V, The qusatlon »rises whother
“R ¢scort and spprupriste grou; AMESeYT ahculd trovel with these expeditiona to +
colleot records if conditicns chence to be favourable. This is &*41) sn open
anch:r but S.X.M's oplnion s agsinst such & eoures, The msin requiroment will be to
eatatliah the esfe 'od:a' of the radistion field. In doterrdning this contecur,
and relurring, the pereornel ru: be fubjaclud. ta the mexinmin mefc Jdore snd 8o not
be av: ilable %o -ccorpany further dlteapts, A partyeith a dusl sblent aight be
encoursged to suke an 9ffort to pet the reccrds Lf conditicns soew reascnably good,
Fird cocovery icprectic.ble, and b {uiced to Tet:tn without raving sucoeeded in
gither wimelon, In tlin cnse, any tleo in the e=uu,whare condltiuns sye worse
and qio atilorpt ol recovery Lo redu, oto S0 will haty boen unrneesasxily exponsd,

If conditiuns soe rond very Litlle &5 lost Ly delerlng récov ry. I acnditions
arv On Lio Lorderiine ke sivivo visks ovcur, and in somie vsces the resords might
be eiqunlly 8-fy, ormoers aafs, In sive Lian Loy woald ho in Swenzit thivwgsh a
conianin tou Tepivn, I conditiom are Led 1€ is elonrly dsuireble o kosp the
reconrsisacice purvy to - mlnicaes, . . -

=

Lo ip aveioizeiod et Snie Sirat buntecutvay of tig radiction held will
ouTUpy a™: v Lirse Nours, i.o,, thut the sartles will hove retumod to the H.CuV,,
and redi:tion contours {r a riven lavel will be -~vailahle four iidurs after the
oxplosion, Trls infomation will of courss b aupglenontad by inowleds of the
leved st porbicuior pisit.unsg g he telebs s o sctiin U be tskan
b tols gloge wpoadna un L pavecim mevanled n~ud faaialon «i11 preswaably
be iven by thu s..ivar in oh- r7e of Group H on the Y,u.V, It may Yo neceusnary
Lo arcwge o fartiur 2arvay or Lb A he pceaible to shart rasccvecs of vecords,
It i3 sroboods b ciere #3511 pu sr avarlop wlth porlad {(141), Yor exanplae,
recivary o4 rseccds and s ratus {rom M2 and 1,1 sl ht soll be vousnillle bafore
Stier allee, sexil. o ioel) . b1 ‘:-:'rinit.».fjf. The 1iielileai is Lherefore

CtEat tin Llyu Doata wred for suzver will contipiy to ba =ped for the eame purpose
after iving ¢ eir lnitdal ce,srt, oseibly a third will Lo usal ta aurvey in
some othor ru;ion wust of Hamliie, s . .

Eo e

Nemy Cite

{131 focivary of wabeyisl pnd oenidrusiion o ripves

Five ruygiona wili ve revisited for recovery of sy irstus sndfor records,
In orisr of urgency is . wie mupuct of rocords Hh.ose ¥

South Trimowille {faitiplicstiun rato and rsdiztion dcts at mite T,1)
Alpha Ialsnd {Uloe alivtographs et 4,4}

Horth Trimoutlls; (Radiation date at T,5, cine recorda at M.8,

e Yest laland ) protograpitc rocord by flushes trijuerod by -
Hoynmite i ehock wuww ot 1,3} C .

A substantial saount of sppsretue will slso nead collection from woet of the
sites, particulsrly Hemmlte snd Trimouilles In the latter cass non photographic
reoords will requlire ovllsetior ia cdditien o apparatus. Mo soccunt has been
taken 80 far of requireuunts wrlcn xoy uriee if A¢ilaBeBey inolude a etation on
Trimoullle near the target for initial wiltiplleation rete messuremants, Such an
undertuidng will probnbly reise diiileult problotaa in seversl napoots, inoluding
recuvery. HNoplecting any apeoial provision for this project 1t seums likely that
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Ropert No, H.18
The gross requirements for staff nre thusi-
Scientifio Stoff  Sgrylce Officers Assloetents (A) A

Agsistante (B)
Rank Ungpecl fied

S5.9,5,0, 1 Lt, Col, 1 Toch, Grades 6 Contamination Survey 39
2e5a0s 1 e, 1 Photog, 4
Seite-de 1 Othere 3 Secratarial snd
B, 1 limasengars 5
B lede 2 (svnilovle from Nawy)
‘et e j
‘e el j
7 e 4
Totnls 13 - 2 10 44

Grons totads 77

sin, natt total 135 = 29
K, nzlt totel 18+eh-44 = T3

20th M ril, 1994,
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1 Lt, Lol,
1 Yypiey/Ulurk
Musbern sry,
Néutronl Measurenont Guwul'ita,y Inatrusent Seotion Personnel Monltor:lng &
Section Measurensnt Ssction 1o dossge eootion,
1 Pp.S.0. 1 s§.5.0. 1l 5,40, 1 5,E.0.
1 l"‘-oi";o()o 1 A, ":u’a. 1 :'.'an .
1 A/s, 6 feeistents ‘ :
1
. wontamination Survey Sectiun Personal Chazbers & Gamna '
filus Electroscope & film survey
1 Major
2 tfasiptants 1 E,0, 1 A.R,0, 1' E 0,
- Y t ) J Assistanta* 1 . 1 Aaxistent®
Ground Survey Fscirts Deconto dnetion Ar Sa.pling
1 Sarvice Offices 1l Service Ofdicer 1 Service Ufficer 1 5.0,
6 Amsistants 30 fsoistunts 3 Assistants 1 AR.0,
2 A’s,

froa Team O,

* Photographer available
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-due to the auembly now being wor e noarly a'itiotl.

(o) The follavin; addi.uoul poui.bilitin mu far connidcltion.

(i) The pouibility of the uu-bly gcd.ng aupcrcritionl ‘on insertion
in the H.E. This would probably cause the same hazard as
desoribed in 3(a){(i) sadove. It is however considered to be
theoretically impossible: the fully assembled weapon is stated

* to be only 7% critioal. In view of the fact that this will be
the first time ever it is for serious consideration whether some
preliminary remote-control test in the ¥.K., should be osrried ocute
For the woment however the thcorotioal findinga mst be accepted
and the poasibility ignared.

(ii) The possibility of fire. (involving NO orplonion). In this case
the hazard would be as described at 3(0)(11) above. .

(iii) The poesibility of rire or any other csuse causing the weapon to
explode. This could ceuse an actual stomic explosion with the
hazards that are considered in detail in parm. 6 below. It
wosld, elwost certainly, not be a full soale explosion: something
of the order of 1/40th full scale has been suggested. But this
cannot be counted on and, in any case, although the external
hazard would be mmch reduced, the internal hagard due to unfissioned
material would befreatly Lnoreased. The minimum safe- distances
therefore ¥omld be the same as are given in para. 6, but on accouat
of the improbability of such:sn explosiom, thc atatutory saf ety
distance need not be so great.

(a) To sum wp - & SATETY DISTANCE, of’ 5 miles should be laid down for all
personnel whose presence on the weapon ship during this stage is not
essential; and in addition a danger zond downwind shonld be defined,
which will depend om metacrological conditions at the. time,

Stage III. During detting-up and up to tnt excinding}i hour

(a) The small external hazard de aoribed at 4(b) above remains unchanged .

(b) The poaeibility of fire with NO explosion and the conaecpont hazards
is also unchanged (ase 3(0)(:|.i) and L(o)(h.;,

(o) The ssi’bility of axplosion and its conseqiences as described in
u(o)fzu) above is now ingreased but the mgmmd. of the potential
hazards is unchanged,

(4) To sumwp - the 'SAFYTY DISTAICE of Sm;es stinnlated for Stage II

remains unchangede

Stage IV, M.: H hour and aftér

"(a) Ko known explo.,iona of an exactly simlar type have teken placo and

estimates of the hazards mist therefore be based on the results ofthe
Bikini tests, Some allowance might also be made forthe possibility
of an increase in efficiency, although the wathematicians consider
that there is no pouibi]:l.ty of any significant increase.

(b) For planning purposes it is essential to.know the probnble m.ni mim
safe distances for persounel during the explosiom, ancherages after
the explosion, approach of sircraft afterthe explosion eto., and thess
minimm safe distances mst dopend on estimtu oft- )

(1) the :Lntons:.ty of the initial flash of ‘( and neutron, ‘radiation.
(11) the possibility and probablo extent: of & base turgo.
(111) the areas oanrod by the r-.nmt of urbornn ‘contamination.

(1iv) the utmity of the radiation rran tho ato-io clcmﬂ.

(v) the movement of uab ne oontuiution. L .
ﬁ e /(o)........i
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TABLE I

Effects of & Single Exposure

. . | Proveple time of*
Single dose, MorZ:lity Morzelitg 8t | . incagzggzzted unfitness for eny
in r. © -6 weeks - duties of those
rangg 24 hours. within 24 hours| showing symptoms
0- 25 0 0 Negligible 2-3 deys
25- 75 0 0 A few 2-3 days
75-100 0 less than 0.1%| Up to half  1-2. weeks
100-150 0 jess than 0.5%| At lesst helf |-About 3 weeks
150-200 0 up to 5% At leest three-~| Not less than 3
' quarters weeka: some very
: , ) , 111
200-400. unlikely | About a_third., Probably ell Not less than 3
: to be any o months
400;600 J}:-Parhape & | About helf _Probably el} | Not less then 3
| gew .r . ' months
over 800 | Likely to | Almost ell Probebly sll .
: be eome o
e S S

* 14 is likely thaet e small proportion of people
" will require considersbly lenger peiods off duty.

This teble thus hes the following uses:

"(1) A dose of gemme rediation heving been unavoid-

' ebly received by & body of men, e&s from &an
etomic bomb flash, the officer in cherge should
be able to geuge what is the outlook for his
meno ’

(2) A dose of gamme rediation has to be risked,. as
in going into contaminated ground. The officer
in charge can assess the result of the risk.

He should note that

(e) for men receiving doses above 50r
the amount of incapaoity for sany
phygicel or mentel work rises rapidly.

(b) in the ebsence of urgenoy it would
not be desirable to expose men to more
then 25r. - A

Spaced Repetition of Sigg;g;Dose

A man heving received unavoidahly‘dr from caloulated
risk e measured dose, his officers will neturally wish to know
when he can legitimetely be exposed again in the course of duty.

30







4a.

for which there is no recovery but for those for which recovery is to be
expected, On the other hand within a matter of months apart from the
cunulative effects one may consider that there has been almost complete
recovery. The actual rate of recovery is not certainly known: but some
enimal experiments, in which time of death was the indicator of biologiocal
effect, the residual offect within the first few weeks appeared to decling
botween 5 and 10% per day. . For this paper, the median figure of 74% ig
teken.  The residual effectlve dose (d) at any time (t) in days up to 3 weeks

32



5.
: DABLE IT ~
Estimated Residual Effective Dose (d) at t -days
+4in ﬁ of initial dose (do)
Time'in Residual effeotive T8 Time in jgésidual effective.
days dose’ 5 e 3 days dose
0 100 .' .12 4v
3 g0 - 4 1. 30
-7 60 . ‘ 21 ' . 20
10 50 - so : 10

After a month the rate of decline of the residual e ffect may be slower

than this equation suggests but biological measurcments at this lovel are
It nay be safaest, therofore, to postulate that
there is always some persistgont residual offoct sey oquivalont to 10/ of the

vory difficult to make,

original dose.

Another factor that must be teken into accoﬁnt is what total doso

ong can allow an individual to accumulete in a life time.
has been consicared for peaco time occupations lasting a working lifo-time

but no figure has. been set. 300r was a figuro which.was suggested.

Undor gmergoncy conditions, greatly shortor than working life-time, say u
mattér of a fow yoars, this suggostod figurc would havo to be still further
If 200r is accoptod and a 2 yoar period postulatod,
dosos of 50r might if necessary be ropcatod at intorvals of six months,

and dosos of 25r at intorvals of 3 months.
figuros aro spoculative and thoso dosos mey produce symptams of intolcranco.

raducoed to 20Ur or less.

Continuous oxposuros

whoro oxposurc to radietion is not a singlo acuto cvont lasting

minutos or hours, but is chronic and sgroad ovur . poriods grecatcr than ono

day up to two or throu weoks, thd sun of thc frectionatod dosos, oquivalont
in offect to a single acute dose are givon in Table III,
aro basod on thn rasults of radiotherapoutic doses - tho obsarved affocts
boing skin erythama or tho raaction of tunours.
number (x) of fractional doseos (ozch =

following equation was used,

log dx =alogx + leg K

-whore - a is a constant = 0,36

For ono poriod of oxposuro oxtonding over a mattor of days, as in working

This quostion

It should bs strossod that thoso

‘Thoso figuros

In oquating thc offocts of a
d) to thoso of a singlo doso (K)4§ho

in on area contaminated with agod fission preducts, the following table

dorived from the above equation can ba usod for assossing tho total accumulated
dosu over a period of days te give similar offocts to a single acute doso
These figures have been advorsoly criticisod and rightly -
since thoy were derived from experiencos in local radiothsrapy;

af 25 or 50r,

Thoy may

net be applicable to man given radiation to the whole body, but no alternatives are
at prasont available.

/Tablo’ IIT
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Table III . 6,
Dosé accumulated fron a more or less constamt

source to:give effects similar to single dosos
’ of 25 and 50r L.

.

' No.'dé,days ' ,Approximate accumnldtedi
continuous exposurg dose in r equivalent to
a single dose of
25 r 50r
I h ‘ 25 ) - 50
2 ~30 "~ 60
3 - ~ 35 | ~ 70
4 40 _ "~80
5 ~ 45 T a90
7 ~ 50 " ~100
) 9 ~55 T A110
11 | ~co0’ : ~120
14 o ~es - ~130
17 ) . ~70 ~140
20 ~ 75 ‘ ~150

General Surcary

Single bxzposure _ For exposure up to 24 hours, it is recommendod that
Table I ba consulted for possible clinical offects from a rango of doses.

- Ruopeotition of Singlé ﬁxyosdrus At loast e ilonth should olaéSe beforo the
racidual efioct of tho first dose should be considerod to have fallen
tc 1/10 of the originel velue., If a socend acute exposure has to be givon

"within this tine tho residual to the first dose can be ostimatod from Table II.

"Tho sum of the rosidun of tho first doso ond the socond doso night be
oxpooted to give rosults as in Tablo I,

Koy personnel nay have te be repeatedly oxpesed, If 4 single oxposures of 25r
or 2 singlo exposures of 50r per yoar for 2 years be takon reasonable freedon
. from ill effoct is to be expectod. = - - :

Continuous Exposure. The ddtorminatirn of a pormissible doso of radiation

To be takon daily for a peried up to a fow wocks can be ostimatoed from Table III

. ADDENDUM
Consideraticn is now being given to pormissible doses of B rays.

it first sight it would nppoar that thc likely figures for dosos (i.0., alnost

oertainly not danaging) are likely te be nore restrictive in prastiwco than

those of y-rays estinatoed abovo.

July 1951, ' | - 34
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' Copy lo.1 of 2 cODnich
] (: ’ %

‘< v 7 : g:

7S 75/20

14th July,1952.

Dear D.C.H.S.
In teply to letter to me
.. aated 7th July, I attact iR
suggested reply to C.T.#.4's 050331,

Recanunenl that U.3.(Aten.) is on
distribution of both siguals and request
B 2oy hove a copy of this reply as

sent.

Yours sincerely,
DOCON.S'
Trials Planning Svotion,
Citedel,
[\wirnlty.

{thitehall, London.

~-~Znol.
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Reference restrictions on meteorological conditions
for operation, following limits are iwposed:-

- (1) Winds from direction 090 degrees to 300 degrces
through North are to be excluded.

(2) Winds from direction 300 degrees to 270 degrees
not to exceed 10 knots. '

-(3) Winds from direction 270 degrees to 260 degrees
not to exceed 15 knots )

(4) Winds from direction 260 degrees to 250 degrees
not to exceed 25 knots. :

(5) Winds from direction 250 degrees to 090 degrees
through South. No limit imposed.

.

2. Each of these limits'are to be imposed separagely 6n:;
(a) Surface wind
(b) Mean wind surface to 5000 feet
(c) Mean wind surface to 30,000 feet.

Satisfactory conditions are such that all three of (a), (b)
and (c) conform to all of the limits defined in paragraph one,

. I
b (G

’ /0//\- :
oA - [as 75 /o
A,/_//[(’,C",‘( 5

;)
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RECOMMENDATIONS ON MAXTMAL PERMISSIBLE EXPOSURES TO

RADIATION FOR THE DIVISION OF ATOMIC ENERGY (PRODUCTION) .

Introduction and Summary.

The Production Division is a large-scale employer of industrial
and non-industrial manpower, and the continued protection of its
employees from occupational injury is an important oommitment.
Protection of the outside community from any untoward effects of
Divisional operations has similar importance. One of the most valuable
faotors to these ends is prior knowledge of the maximal permissible
exposures rccommended for the potentially injurious materials used,
besed on the principles of toxicology and preventive medicine as applied
to Industry. Such knowledge pcrmits reasonably quantitative hazard
control to be adopted in factory design, operations and protection
progrommes., Data of this type are fairly roadily available for most
non-radioactive substances, This report provides similar information,
based on the best available evidence for exposures to ionising radiations
and radiocactive substances.

Since no formal report has previously beocn issuecd within the
Production Division on this subjcct, opportunity is taken of providing
a somewhat historical introduction, followed by a brief outline of the
methods by which cstimates have been made for maximal permissible
exposures to radiations and radioactive substances, and discussion on
certain important aspects such as additivity of exposures, averaging
of valucs, and radiocactive efflucnt disposal valucs. Many members of the
staff are alrcady aware of these aspects: others, especially new-oomers,
may find this background holpful. It is emphasised, however, that the
report is not a treatise on how to cstimate maximal permissible exposure
valucs, and for further information on any detailed point rccourse should
be made to the author or the quoted literaturc.

Throughout the rcport attempts have been made to strike a balance
between theory and rcality, and certain rccommendations arc made which
rcally comc under the hcading of 'recommended Divisional policy on
radiation protcction'.

The Appendices scparately consider specific radiations (X, Y, B,
neutron and mixed exposurcs), a group of important materials (U, Ra, Pu,
Po) and, in tabular form, a number of important radioisotopes including
fission products. As far as is known, every isotope for which an
authoritative rccommendation has as yot been made is referred to, but
there still remain many others which have as yet not been congidered
or on which biological information is lacking. Thc final appendix
is a glossary of tcrms used in radiobiology and radiation protection,
which has frequently been requested within the Division.

Stops have been takon to issue more concisc lists of the recommended
velucs of this report to staff concerned with radiation protection,
and will be issucd through Works Health Pancls; this also applies to
any amendments or additions which may from time to time be nccessary.

It is rccormcnded that the values quoted in this report should now
superscde values previously used in the Production Division.

- e e e o e e e e = -

EFE/BA

Modical Department, .
Springfields,

2nd March, 1951.
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.Standards)., The latter continues to operate, on an expanded basis.(“)
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In America, official views on maximal permissible exposures were
first given by the Safety Committee of the Réntgen Socicty, and then
by the Advisory Committce on X-ray and Radium Protection (Bureau of

During the war, the Manhattan and Plutonium Projects, committed to work

with materials causing great and diverse health risks, found that

cxisting official recommendations did not cover the new field adcquate- <
ly. At the same timc as initiating an ambitious biological research

programne on radiation hazards and protection, provisional recommendations

were made to cover the new hazards, by extrapolation of the small amount

of basic knowledge which cxisted from pre-war recommendations, and

experimental animal research.

In 1947, the two wartime U.S.Ah. Projccts werc replaced by the
civilian itomic Energy Commission, which included in its Division of
Biology and Medicine a Medical Physics branch. This body smoothed out
sonc of the local variations in MPE's and MEC's which had arisen due to
the dispersed nature of imcrican laboratories and plants, and
co—ordinate% rerican views through the Burecau of Standards hLdvisory
Committees. (5) In the post-war years several opportunities have arisen
for discussions between the British, Canadian and fmerican authorities
concerncd with MPE's and MEC's, and in the past two years considcrable
agrecment in principle and detail has been found possible.

In addition to these national bodies, the 1927 International
Congress on Radiclogy cstablished an International Protection Commission,
which procecded to issue recommendations on radiation protection and
WPE's, cspccially for X and y-radiation cxposurcs occurring in necdical
radiology., The infrequent mcctings of the Congress resultcd in occasional
disparity between current national vicws and previous international
roconmendations. ot its 1950 meeting, the International Protection
Commission was presented with the current recommendations of British,
merican and Canadian groups, and arranged to issue a scries of new
recommendations on lst January, 1951. The values given in this Repord
arc in line with those issued intornationally. The Cormission felt that
although the existing evidence justified certain anendnents to its
arlier recommendations on external radiation, the data on which national
groups had framed MEC's for certain isotopes were not substantial, and
dccided to refer to such rccommendations solely as nationally-used
values, (7, 33)

The Radioactive Substances Act (1946) cmpowered the Ministries
concerned (Supply and Health) to create an fdvisory Cormittec on Radiation
Protcction, This group first met in 1949, and has since formed certain
Sub-Cormittecs to discuss specific aspects of radiation hazards, with a
vicw to framing statutory logislation under the icte This legislation
will probably be dclayed for some time, however, as the problems are
notably difficult. .t prescnt the only statutory requirement in Britain
is applicable to the Juminous paint industry (Factories, Luminising,
Special Regulations, S.R.0, 865, 1947) and does not therefore apply
specifically to Production Division establishments. The general
provisions of the Factories /cts (1937 - 1948) do, however, apply to
Production Division establishnents.

i further step indicating more wide-spread interest-in cxisting:
standards of radiation protcction has becn made by the International Labour
office at Geneva, which includes in its latest edition of "Model Code of
Safcty Regulations for the guidance of Govermments and Industry, 1950", 2
scction on "Dangerous Radiations", including penetrating radiations and
radioactive substances., The recommendations presented are largely based
upon those of the Medical Research Council,
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At the present time the official arrangements concerning
radiation protection in this country are being reorganised. The
M.R.C,, the International Commission on Radiological Protection, and
the Advisory Committee under the Radioactive Substances Act, have
recently tended to go over the same ground separately., This proves
inadvisable, since the total number of suitably exporienced
scientists and medical authorities in the field rcemains very small.
The future organisation is oxpected to be bascd upon the nced for
permancnt official interest in radiation protecction, both for
occupational cxposurcs and as applying to the cntire community.

Principles underlying maximal pormissible exposurcs.

A maximal permissiblc radiation exposure level (hitherto termed
a tolcrance) may be defined es "an exposure level which, under
gpecified conditions connected with cxisting health, duration of
cxposure, type of radiation, ctec., may be assumed in the light of
available information, to be unlikely to result in detectable injury
by its recipients". The nature and clinical cgourses of radiation
injuries hav: been described elsewherc.(35’ 36, 16

In gencral, the principle adopted has bcen to estimate
initially, by the best available mecans, thc so-called "injury threshold
amount" for a radiation or radioactive substance, i.c. that level which
would be likely to cause the first signs of biological respomse in man
on continuous exposure for the majority or cntirety of his working
life or his full life-span, The figure for the injury threshold level
is then reduccd by an appropriate safcty factor to form the "maximal
pormissible exposure" lcvel., The numerical valuc of the saflety factor
applicd varics in differcnt types of exposure, but is, in most oases,
at least 10.

When dosage  for exposure to a toxic substance is plotted
against the proportion of the exposcd group affected, most biological
responses show an S-shaped curve, since certain individuals are more
scnsitive or less sensitive than the average. The "injury threshold"
is usually taken as that applying to the more sensitive subjects in
the cxposed group. The deliberate safety factor of (e.g)l0 therefore
gives more safety for the group as a whole than its numerical order
implies. (Pig. 1)

1 2 3 0k

Units of dose or cxposure

Fig. 1. Examplcs of types of Biological Responses
In exposed groups.
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In eddition to this deliberate factor of safety, it has been a
matter of policy that wherever experimental evidence appeared inadequate
or otherwise unsatisfactory, the greater hazard should be assumed
rather than the lesser possibility. Since the biological evidence has -
often appeared unsatisfactory, this may have led to some multiplication
of safety factors in estimates of certain injury thresholds.

"Standard Man'.

Tt is a matter of common experience that what is safe for one man
is not necessarily safe for all men, Official estimates and subsequent
recommendations could hardly cover the whole range of human variabilities
in health, diet, diseasc, and modes of exposure. Some standard human
had to be devised as a yard-stick for estimating purposes. The so-
called "standard man" originatcd from the averagc dimensions, chemical
composition, an% ghysiology of man obtained from previous medical
investigations, 9) "1t is, however, assumed that the standard men is in
normal health for his age, and free from existing disease or disorder
which would be likely to render him more susceptible to radiation injury
than the average of the exposed group. Although inherent factors of
safety do permit some latitude in respect of minor variations in health,
significant abnormality of individual health, nutrition or physiclogy
would in certain cases logically demand a lower MPE or MIT than applies
to the majority of persons, Since this would be a difficult commitment
within the Production Division, certain "medical standards" are applied
for persons required to undertake occupational exposurc 1o radiation or
radicactive substances.

The expected total duration of exposurc to a risk docs to some
cxtent dictatc what MFE is permissible, i.c. the shorter the total
occupational exposurc, the greater the MPE possible. It has been assumed
that occupational cxposures involve very lengthy omployment periods, and
the figure of 20 ycars or more of occupational exposure has been used
for estimations of MPE's or MPC's. In non-occupaticnal erposurcs, such as
would result for example from persistent consumption of drinking water
or inhalation of air containing added radicactivity, a 70-year lifectime of
cxposure has been uscd, Both assumptions are arbitrary, out favour safety.

It may be taken that thc recommendations arc gencrally applicable
to both sexes at all ages. In view of the long latent pe.iod usually
required for chronic radiation injuries to develop in man, occupational
exposure to radiation commencing for the Jirst time in the later years
of life, e.g. at 55 or over, carries a fortuitous added safety factor.
This is in part offsct by the known probability at such agzes of existing
deviation from 'standard' health, e.g. incidental developing diseases
of the lungs, bone, blood,or skin, (Therc have been gencral recommendations
that radiation cxposure in the first three months of pregnancy should be
avoided as far as possible, in view of the rapid cell division occurring
in the developing foetus.)

It has been the policy of the M.R.C. to base its recommendations
solcly upon the biological and safety aspocts of radiation exposures,
without any rcal consideration of attendant difficulties in monitoring,
instrumentation, cngincering, operational convenience, productivity or
costs, These latter factors vary very much in different situations and
with time, and authoritative long~tcmm recommendations on preventive
measurcs should not bc obviously influcnced by short-tem difficulties.

It has beon the policy of formal rccommendations to allow the 'user'
to devise the exact mcthods of ensuring radiation safety at his
¢stablishment; this is implied by the usc of the word 'rccommendations'.
Different typos and multiplicity of radiation risks, duration of working
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periods, hcalth physics facilities and instrumentation, operational
convenicnce, health supervisory services, urgencies and costs must
all be considered in devising a radiation safety programme in its
fine detail, It will be found that certain detailed procedures
have been advised in the Appendices to this Report.

Methods of estimation of Maximal Permissible Levels.

About 1200 isotopes, of nearly 100 clements,arc now known.
The maximal permissible exposures of man to ccch radiorctivo isotope
would be slightly or greatly diffrrent, depending upon the isotope's
comparative radioactive characteristics, and the -metabolism of the
parent element in the human body. Reclatively few of the 700 have as
yot been considercd, ard it will probably never be necessary to
obtain an MPC for all of them., The list of isotopes for which MPO
estimates now cxist is however much grecater than it was a few years
ago, although a considerable number of isotopes of potential
importance remain to bc considerced., Although calculations of MPC's
arc not themsclves difficuli, some previous knowledge of the element's
behaviour in the body is imperative, This usually demands large
scalc animal experiments, with more than onc species, and with chronic
exposurcs, usually for the najor part of thc animals' life-span.
The urgent requirement for official vecommerdations of MPE's and MEC's
has in the past decade outsiripped the pacc of biological investigations,
as is occasionally indicated by the indircct methods used to ostimate
MPC valucs. Four main methods have becn used up to the present time. (10)

I. Direct cvidence based on human cxposurecr,

The long latent period usually associated with occupational radiastion
injurics permits this approach %o be used only for agents which

have alrcady been handlcd for a considcrable nuwibcr of ycars, This
now limits the method to X-rays, yY-rays, radon in air, and radium

in the body. 1In cach of these instances additional animal
experinents have been found necessary tc give a firmer basis for

the cstimates to be made.

II. Dircct cauparison between biological effects of a 'known' and
'unknown'! radiation or radiocactive subslance.

This has obviously been limited to planned biological cxperiments.
Comparison has been made between the biological responses to
necasurecd dose-ratcs of external X or ¥ radiation, and alpha, beta
or ncutron irradiation, Similar radiations, but of different
energics, have bcen compared in the samc way. The radiotoxicity
of radiun has been compared with that of polonium, plutonium,
radio-strontiun and X-radiation.

The biological response selected as the criterion of injury
in such tests varics -7/ith the circumstances. In animals,
comparative lethality is the simplest index, but it demands
far grecater dosc-raotes than those in the MPE range, and is
thercforc not entircly suitable. Skin response, blood changes,
weight variation, defective growth, induction of melignant
(cancerous) growths, shortening of life-span, and other criteria
have also been used in whole animal expeviments., In tissue
culture and plant tissue cxperiments, growth restriction,
nicroscopic changes in ccllular or nuclcar detail, reduction in
biochemical (onzymatic) activity, and many other indices, have been
used. Tests on the lower organisms or irolated tissues are of
ruch value, but difficult to apply or e:irapolate to man, Thoy
cannot often be co-ordinated with the capacity of normal body
tissues to rccover from injury, or the complexity of the processes
by which radiation injury is brought sbout in marmals and in
nan especially.
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Estimates based upon & basic MPE for living cells, and the
Tadiation dosage calculated to occur in tissue from a known
amount of deposited isotope.

This method has been widely used., The MPE for healthy living
cells is regarded as o3 rep/week of x or Y radiation, cquivalent
to an energy absorption of 31 ergs/gn/week. It is possible, from
knowledge of an isotope's radioactivity characteristics, to
calculate the amount which, uniformly distributed through tissuse,
would causc 31 ergs/gm/week encrgy absorption. If experimental
data also cxist for the bodily metabolism of the elcment,
especially !'turnover! rates in the body, it is then possible to
caloulatc what (MP) daily intake would maintain this (MP)
concentration of isotope in tissue. Next, fron data concerning
tstandard' man's air or water intake, with a knowledge of the
proportion absorbed from gut or lung, it is possible to calculate
what concentration of the isotope may be present in air, food .
or water, in order to kcep within the MP daily intake of the
isotope.

Data on the radiocactive characteristics of isotopes are usually
adequately known., The information on human bodily metabolism
of the morc cormon clements is rcasonably well-known, but for
rare cleoments human data is usually negligible. Data obtained
from animal investigations are therefore necessarily used, but
vith duc caution,

This method has had to be_applicd for the majority of isotopes
formed in nuclecar fission, It is capable of cxtension to B-Y
enitting radiocactive gases in the atmospherc, by assuming that
the skin surfacc is the critical tissue, the tPC of such an
isotopc being the concentration in air causing a dose-rate at the
surface of the body not excecding the MPE for skin.

Therc are usually scveral multiplying safety actors in
calculations of this type, but the total factor of safety can
never be accuratcly cvaluated.

Estinatcs based upon safc dilution of radioactive isotope
in stablc isotope of the clenent within the body.

This method can be used only for isotopes of clerments which erc
nornally present in and easential to the human body, in known
concentration and tissuc locations, at known average daily intake
rates. Tt is therefore only applicablc to the dctermination
of MPC's in air or water for isotopcs of the following clements: -

¢, H, 0, N, P, 3, Fe, I, X, Na, Cl, Ca, Mn, Cu, Mg.

Other non-cssential clements are occasionally present in tissucs,
but only inconstantly, and at concentrations and intake rates
which arc very variable, c.g. 5r, rarc carths, Ra, U, ctc.

The body burdens of such non-cssential clenents are rclated more
to incidental factors such as food or water contanination, or
previous occupations, than to a bodily requirement.

The MP tissuc dose-rate of .5 rep/vieek will be caused by a
calculable tissuc concentration of a radioisotope of any of

the ossential clements listed aboves This MBC for that isotope
in tissue may then be expressed as a fraction of the oxisting
concentration of the element's stable isotopes in the same
tissuc. (The chemical and biochemical behaviour of the isotopes
of an element in a biological systen is virtually identicall)
Thus, the MP daily intake of the isotope will be that some
fraction of the total daily intake of the parent clement.

Fron the MP daily intake of the isotope may be estimated the
MPC in air or water.
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The principles outlined above have been dealt with in considerably
greater dotail in at loast two special reporta(32, 11) to which
roforence should bo mado for furphor information, S

General problems arising from all recommended valucs and cstimatos.

Therc remain throc very important considerations on which
no formal viocws have as yet been cxpresscd by outsido authorities.
These arc, the additivity of extcrnal and internal radiations of
different types, the safely allowablo variation around the mean
naximal permissible cxposurc Or concentration, and the maxinal
permissiblo radiation exposuro levcls for non-occupational exposur?,
e.g. in air, food or drinking water contalning traces of radioactive
wastes. In vicw of the great practical importance of these threce
issues, a guiding policy is required for Divisional purposcs.

4

"pdditivity"

The "additivity" of different types of radiation is biologicelly
important where two or more types of radiation exposuxre co-existe

- Considering a specific small voluno of tissuc in the body,
the expccted biological response, i.e, the dcgrec of injury, will be
proportional to the total cnergy absorption in that tissuc volume.
That is, x, ¥, ncutron, « and p-radiation of that tissue, whethser
from cxternal sources or fron deposited isotopes, will cause
intracellular ionisations whosc effects would be expected to summate.
Considering the body as a whole, however, it is well known that
x and y-radiation tends to cause scattered ionisations through
large depths of tissue: neutron-irradiation of different energies
gives a varying degrec of initial penctration into the body, with
torminal «, B, proton, or y-radiation; pB-radiation causcs scattered
jonisations over a rclatively short path in tissue, rarcly of more
than one centimotre depth; «—-radiation causes very dcnse ionisations
along a very short track, usually of 50 microns or lecss. Additivity
of all external and intcrnal radiation cxposurcs would thus be
merkedly limited by the ranges of the types of radiation concerned,
or by the site of preferential deposition of isotopes in the body.

For the purposes of hecalth physics proccdures, the following
rcoommendations appear reasonably operable and of adequate safety:-

(2) ALl cxternal radiation is to be considered additive;
cxcept that externmal «-rays may be regarded as not
normally contributing to irradintion of living cells.

(v) All concontrations of radiocactive gubstances in air or
water should be considered additive.

(¢) External radiation exposurcs and concurrent oxposures to
rodioactive substarces in air or water do not require
to be regarded as additive.

The theoretical effect of this recommerdation, which is made
admittedly on the grounds of expodicncy to allow for the
impracticability of necasuring and accounting full detail of cvery
oxposurc to radiation in large scale industrial work, would be to
permit two concurrent MPE's to be received by a worker, ono from
external radiation, onc from internal radiation. To & oocrtain extent
this will be offset by safety factors inhorent in MP levels; and
by the general recommendation, and general finding in properly
conducted operations, that average occupational exposures to radiation
are normolly well below thoe MP recommendations. :

/"Averaging"
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wpveraging" of values for MPE's and MEG's.

Maximal permissible exposure cstimates should more.covrectly be
termed "recommended maximal permissible average occupational exposure"
(or conoentration). In the case of MAC's for non-radicactive toxic
agents in industry, it is generally accepted that tiue MAC is to be
regarded as an average value, A certain amount of tcmporary upward
range may usually be allowed without herm, provided that the average
valuc over a certain period complies with the recommcndation, and that
the concentration docs not extend into the acutcly toxio rango.

This may legitimately be taken to apply also to MOE's and MEC's for
radiation and radioactive substances. It is hardly cver possible to
maintain an industrial or ocoupational exposurc constant over a long
period. Tndustrial oporations, in varying themselves, naturally result
in fluctuations in radiation intensity end atmospheric contamination.

The MPE's and MEC's quoted in the Apperdices restrict radiation
encrgy absorption in sclected dcep tissucs to not more than 31 ergs/ -
gm/week, 1.€. .3 rep/week. A tomporary ton-fold ircrcasc in tissue
irradiation would incrcase the cnergy absorption ratc to 3 recp/week.
This would be expccted to haveo 1ittle biological significance, if
any, provided that such a dose-rate is not continucd for long perioda.

Provided, fherefore, . that the average maximal permissiblo cxposurc
or concentration of isotope in air or water is prought dovin.to below
the maximum permissible rocommendation within a period of a few minutes,
hours, or days, opecrations may reasonably contimuc in spitc of &
temporary ten-fold increase above rocommended avcrage valics.

The decision to permit work to contimuc depends largnly upon
the expccted duration of exposurc &t these high values; caxd each
instance can only be properly considered on its merits and features.

It should be specifically noted, however, that cortain chemical
compounds of radioactive clements, such as uraniuti hexafluoride, UFg,
or uranyl fluoride, UOoFy, arc 1likely to be chemically injrious
at ten times the recommended MEC/air, The above rccomacniayions on
the interpretation of average atmospheric concentrations concern
solely potential radiation risks. Every chemical hazard ~nd cxposurc
has its own special features for consideration.

Non-occupational CXposurcs (effluonts).

given in the Appendices
The MPC's for isotopes in air/have all been adjustcd from formal

official figurcs(7, 6), and figures given in other reports{? ;10:11),
so that they apply specifically %o occupational CxpOSULrCS. ilost formal
valucs issucd have assumed inhalational cxposurc for 2l hours per

day, while in fact occupational oxposures &rc for cight hours per

day. Since tgtandard man! is assumecd to breathe 10m) air in his eight~
hour day at work, and p0m3 during his total 2h-hour day, the MEC in
laboratorics or other purely occupational envirornent may be doubled
by comparison with that for the 24-hour cXposurcCe The listed values

of MEC's in the Appendices arc appropriately defined for oscupational
or non-occupational conditions, i.c. 8 or 2L hr/duy CYRIZUll.

The community outsido an Atomic Energy ostablichment, but still
within range of radioactivity in air or drinking water dus to
gascous Or agquoous of fluents, differs in certain imporiant ways from
the cmployces within the ostablishment, The ouhoide commnity has
virtually no mcons of recoognising the oxlstence or dcgree ~f ralsecd
aotivity in air or water in the ncighbourhood; it has no wcans of
sccuring specific protoction, other than that through legal or
statutory channels: it includes persons in ebnormally low states
of hecalth, and in some cascs, of nutrition: it is not subjected to any
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specific health supcrvisory service for exclusion or carliest
detection of radiation injury: many mombers of the community are
already exposed to the potential risks of their own chosen manner of
employment, Furthermore, in some instances it is a large and densely -—T'
populated community, Viéws have been expressed that in such

circumstances extra safcguards from radiation cxposure should be

insisted upon and should run parallel with the size of the oommunity.(lz) ]

Public health rcquircments from this Division ghould be adequately
served if thne average MPC of radioactive substances in air or ingested
material (water or food) applying to the outside community, should be
not higher than one-twentieth of the 8-hr, values applying occupationally
within the Establishment, and thus one-tenth of the 24-hr. exposure
values recommended, The previous recommendations regarding additivity
and permissible averaging for the MEC apply also to exposures of the
outside corumunity.

It is perhaps at this stage appropriate to quote from the 1950
rccommenda%ions of the International Commission on Radiological
Protection(7533): -

"¥hilst the values proposced for maximum permissible exposures

are such as to involve a risk which is small compared with the
other hazards of life, ncvertheless in view of the unsatisfactory
naturc of much of the cvidence on which our judgnents rust be
bascd, coupled with thc knowledge that certain radiation effects
are irreversible and cumulative, it is strongly recommended

that every effort Ye made to reduce cxvosures to all types of
ionising radiation to the lowest possible level.®

Current authoritative medical opinion is that the prescnt
gencration is not that in which appreciable rclaxation of maximal
periissible values should occur. Relaxation may cventually be
regarded as legitimate and logical, but it scems likely that only
the results of a full generation carcfully observed uay provide the
necessary evidence.
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X AND GAMMA  RADIATION

Maximal permissible exposure --—- " 0.5 rep/week,

Official recommsndation.(7: 33)

(Note: Réntgen is hern synonymous with rep, see Appx. XT,)

"In circunztances under which {the whole body may be exposed over
an indefinite pcriod to X or gamma radiation of quantum energy
less than 3 MeV, the maximal permissible dose received by the
surface of thc body shall be 0.5 rintgens in any one week,

This dose corresponds to .3 réntgens/wcek measurcd in free air,"

This new HPE replaces the previous figurc adopted by the
Production Division, of ..3 rep/wcek, and all recommendations based
upon that figure.

The value of 0.5 rcp/weck rofers spccifically to the surface
dosc, including back-scatter. Since backscatter from y-radiation
in the relevant y-energy range (13 - 2 LieV) amounts to only 5 - 10%
(not the 407 indicated by the official recommendation in para. 1
above) the MP dost-raie meaiuved by survey instruments in free air
is to be (£ rep/weck, i.c. 500 mrep/weck, 100 mrep/working day, or
12 mrep/wcrking nour, irrespective of X or v energy.

The 1LPE of 0.5 rep/weck is irrespective of brevity of exposure
during that ek, A dose of 0.5 rep may thus be received in a period
of scconds, winutzs, hours or dayc, with identical biological
significancc. '

Films or otlher personal rmonitoring deices should be worn in
such a position, on the trurk of the body, -s gives the maximum
probability of rccording the full radiation vxposurc of the body
under the particular conditions of exposure and work,

The dose thus rccorded by monitoring device is assumed, for
health physics purposes, to reprcsent total body cxposure,

Each cstablishmens at which psrsonal menitoring devices are
issued is required to maintain indefinitely an up-to-date record,
in suitable form, of individusl radiation exposurcs for all persons
to whom monitoring devices have been issued,

Where a radiation dose of more than 0.5 rep is recorded by film
or other personal monitoring device worn for one week or shorter
period, cr viere the derived dose-rate in a longer period of wear
exceeds 0.5 rep/weel, the wearcr is to be regarded as having been
over-cxposcu to radi~tion,

Over~cxpesure to radiation justifies being regarded as a
potential injucy, Zrom a breakdown in safe practices, necessitating
enquiry.

An cmplcye> should be regarded as significantly over-exposed
to radiation whon his total recorded radiation exposure for the past
thirteen wecks cxcceds the MP dose for that period, i.e. excoeds

6.5 rop (13 x .5 zep).
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Appendix I (continued).

If and when this occurs, exposure in exccss of 6,5 rep during the
past thirtecn weeks is to be mitigated by a period of radiation-frec
omployment, sufficient to cancel the over-exposure at the rate of
0.5 rop per week.

This 'compcnsatory! proceduro is required in order to ensurc that
the individual's average exposure is reduced as quickly as possible
to the MPE, and is to be regarded as a preventive medical neasure,

Radiation exposure assessed as "less than 0,05 rep" should be
shown as such on the individual's record of exposure. In sunmating
meximal possible exposure in a period, c.g. for mcdical or statistical
purposcs, "less, than ,05"should be regarded as ",05"s In summating
probable over-exposure in a period of thirtcen weeks, for calculation
of time compensation roquirements (paras. 10 - 11 above), recordings
of "less than .05" may bc ignored, as being technically arbitrary and
of negligible biological importance compared with the over-exposure
under investigation,

As far as rcasonably practicable, all occupational cxposurcs
to radiation in significant amounts, e.g. over ,1 rep in a week, should
be assessed by the use of perscnal monitoring devices. Under no
circumstences should it be possible that individual exposures over
0.5 rep in a weck are unrccorded,

The above recommendations apply not only to gamma radiation but
also to X-radiation cxposures: from industrial, medical or experimental
procedurcs with X-ray generating eqguipment,

Attention is drawvm to the mutual additivity of external B, X, ¥y
and neutron radiations (Report, paragraphs 27 - 29).

Por spccial dutics known to involve cxposurc at high radiation
dose-rates during operational emergencics, the maximal permigsible
X or ¥ radiation dose during a singlec continuous oxposure is 13 rop,
equivalent to six months!' maximal permissible exposure,

The provisions of paragraphs 8 - 12 above, conccfning over-
exposures, should apply promptly after such exposure,

‘Whorever Possible selection of personncl required for such
special duties should be based upon their frcedom from comparatively
high exposuro-rates and temporary over-exposures in the past.

It is strongly recommcnded that recording should be made of the
radiation exposurcs received by all visitors, supervisory, scientific,
roscarch, development and Headquartor staff cntering 'readiation arces'
at Divisional Works, and that cntry to such an area without vearing
a monitoring device should be forbidden,

There mey be occasions where it is felt desirable to declare an
areca not a 'radiation area' in the above scnse, in view of the very
low order of radiation or air contamination present, An oxample may
well be formed by certain parts of the Capenhurst process areas,
handling exclusively uraniferous materials by enclosed processcs,

It is, however, recommended that excnptions from thesc general
recommendations be granted only through the Divisional Works Health
Physics Conmitteoc, in order that full consideration may be given

to thc occupational features of the arca,

. The major biological hazards from over-exposure to X and Y-
radiation are the production of chronic inflammatory, degenerative
or even malignant (cancerous) changes in superficial tissues, e.g.
the skin, and the production of injuries to the blood-forming tissues
of tho bedy, resulting in reduction of the numbers of circulating
white blood cells, or in excessive production of both normal - -
markedly abnormal white cells (leukacmia). :
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BETA-RADIATION
Maximal permissiblc exposuro ---- 1.5 rep/weok.

!

"Tn the case of high energy beta rays, the maximal permissible
exposure of the surface of the body in any one week shall be the
energy flux of beta radiation such that the absorption per grammé
of superficial tissues is equivalent to the energy absorption fxrom
1.5 réntgen of hard gamma Iays.

For purposes of calculation, the superficial tissues concerned
shall be assumed to be the basal layer of the epidermis, defined
conventionally as lying at a depth corrcsponding to 7 mg/cmz.ﬂ

The major biological hazard from over-cxXposurc to p-radiation
is the production of chronic inflammatory, degenerative and possibly
malignant changes (carcinoma) in the exposed skin, The radiosensitive
cells lie beneath the inert epidermis, which varies in thickness
from 70 to 1000 microns in different arcas of the body: 7 mg/cm?
corrcsponds to a depth of 70 microns beclow the surfacc. Since the
range of beta-radiation from the vast majority of g-cmitters in wet
fissuc is measured in millimetres, it is vot nccessary (for presont
purposes) to make any allowance for thc depth of sensitive colls.

g-radiation is to be regarded as fully additive to y-radiation.
If, therefore, the recorded B and Y doses occurring during a p¥riod
of mixed B-Y exposure arc expressed as fractions of their rcspectivo
MPE!'s (19.5 rcp and 6.5 rcp respectively, in a three month period),
then the sum of the fractions should not excced unity. For cxamplc,
if in a threc month period a worker's p-dose is 10 rep, and his y-dose
is 3.2 rep, then -

10 3.2 = D + &5 = 1 = unit MPFE ;
19.5 * 6.5

the individual has thus received one MPE for -y radiation.

In most circumstances such a calculation should be found
unnecessary, in view of the desirable control of all exposures
to well below the relevant MFPE.

Similar principles apply to the prevention of over-exposures
from p-radiation as are laid down in Appendix 1 for y-radiation.

e e em e e = = = =
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LOCAL EXPOSURES OF HANDS AND FOREARMS TO X, ¥ AND B-RADIATION.

Maximal permissiblec exposure --- 1,5 rep/week,

Official rccommendation.(7’ 33)

"In the casc of exposure of the hands and forearms to X, gamma
and beta-radiation, the maximal permissible dose shall be 1,5 r
(or its onergy equivalent) in any one weck, at the basal layer of the
cpidermis, defined conventionally as lying at a depth corresponding
to 7 mg/cml," .

The implication of this MPE, as contrasted with those for X and
Y, and for B-radiations scparately, is that it is considercd permissible
for a threc-fold increase to occur in the X or y-radiation dose-rate
to the hands and forearms, This relaxation is based upon practical
experience among radiothcrapists and others, It is acceptable in
theory, since only local, not total body exposure, is concerned,

The MPE has been mainly based ,upon dosc-rates obtained from
wrist-films, with some covidence from finger-bascs, i.e. ring
films,

Under ccrtain conditions, the dosc to the finger-tips may bte
materially greater than that shown by wrist or finger films, Where
this is considecred likely to occur, it is recommended that the wrist
or finger-basc dose-ratcs should be proportionally less than the
MPE of 1.5 rep/week,

Every opportunity should be token to eveluate finger-tip, hand
and forcarm exposurc dose-rates in work involving mamal and
digital operations, ‘irist films should be worn wherever there is
& reasonable probability that exposures over 1.5 rep/weck may result.

Sinilar principles apply to the prevention of over-exposures
of the hands to mixcd radiations as were suggested for x-y, and
5~y exposures in Appendices I and II respectively.

The major biological risks from over-exposure of hands and
forearms are acute or clironic inflammatory or decgencrative changes
and ecventual malignant (carcinomatous) changes in the skin,
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Appendix IV.
NEUTRONS
_ 2 to 20 MeV .o 30 n/omZ/seo
Meximal permissible exposure 0.5 to 2 MeV e 50 n/om2/seo

less than 0.5 MeV .. 1200 n/om2/seo

1. Official recommendation.(7)

"ihole body exposure of individuals to neutrons.

The International Commission on Radiological Protection
considers that the maximal permissible energy ebsorption per
grame of tissues exposed to fast neutrons should not be greater
than one-tenth of that permitted for high encrgy quantum
radiation." (i.e. MPE of .03 rep/weck in the tissues for fast
neutrons)

The mumerical values quoted above are those of thc Medical
Research Council (1950) and are based on total body exposure.( )

2. The major biological risks from over-exposure to neutrons are
likely to be both local changes (skin cffects, ooular lens cataracts)
and internal effects (depression of blood-ccll formation, leukacmia,
induction of tumours). These potential risks arise from the ph{zical
fatc of ncutrong of different energics absorbed in tissue. (13, )

3. The "relative biological cfficiency" of neutrons, i.e. oapacity
for producing biological injury in tissue, at unit physical dose-
ratc, is higher than that of X or Y or B-radiation by a factor varying
from 10 (in the cases of neutrons of 2-20 McV) down to 5 (thermal '
noutrons of about .025 oV cnergy). The radiation dosc in a small
volume of *issue from a standard neutron flux varies considerably
with the necutrons! energy; with a flux of 1010 n/cm?/scc, at 0.5 MeV
the tissuc dose is 17 rep/scc, at 5.0 McV it is 47 rep/scc.

L. Neutron cxposurcs arc to bo regarded as biologicelly additive
to exposures to external X, Y, or B-radiaticn, and where necessary,
similar calculations made for additive dosc-recording as have been
suggested for Py-radiation (App. II, 3).

Se Wherever rcasonably possible, occupational exposure to slow and
fast neutrons should be dotected and asscssed by the usc of individual

monitoring devices. f{fherc occupational oxposurc to neutrons is likely,
but individual monitoring is not found possible, the neutrons' flux
in the work arca is to be dotermined by the usc of appropriate
monitoring instruments. This flux, as a fraction of thd MP flux,
should then be assumed to have becn roceived continuously by all
employees in that work arca, and individual cxposure records suitably
amendcd.

6. The MPE's for ncutron cxposurc arc notably difficult to
ostimate, and ncutron dosimetry in tissue is so complex that the
precision of the quotcd MPE's i$ not 1likcly to bec of a high-order,
oven though they remain safe valucs,
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Appondix V.
RADI UM
Meximum permissiblc continuous body burden for Ra -- .1 ug (o1 o)
MP Conccntration of Ra in air at work " o= 1.6 x 10711 pc/oc.
MP Concentration of Ra in water - - L x10-8 Qc/cc.
P Concentration of RADON in air at work -—- 5 x108 pec/ec.

The MFBB is bascd mainly on ovidenco from hcalth historics of
persons having worked with radium or mesothorium in the luminous
dial painting industry. - Rceent evidenco suggests that some of thesc
cascs of radiation injury may havce been due not to radium but to
mesothorium; and if this proves to be the case, an amendment to the
above rccommended levels may cventually be made.

The major biological risks from over-deposition of Ra in the body
appcar to be the production 'of inflammatory, degenerative or cventually
malignant (sarcomatous) changes in bone, since Ra is preferentially
deposited in the skcletal structurcs. In addition, scverc depression
of blood cell formation may occur (lcucopcnia, anacmia), duc to irradiat-
ion of the blood-foming tissuecs within the bones. Furthemore,
inhalation of cxccssive concentrations of particulate radium may lcad
to local changes in the lung (possibly to lung cancer), in addition to
causing cxcessive deposition in bone due to absorption from the
lungs?%la,

Assuning that 455 of thc radon emanated from Ra fixed in the body
is ecxhaled in the breath, the concentration of radon in breath,
cquivalent to .1 pg Re in the body, is 1 x 10-12 curics/litre
(1 x 10-2 uc/cc). (20)

The MPBB of .1 pc of radiun undergoes 2.2 x 102 w-dis/min
within the body. If, six months after its deposition in the body,
.01% of this amount is boing excrcted in the urine daily, tho
«activity in a 24-hr urine specimen would give 22 dis/min. 1If,
after scveral years' deposition, the urinary excrection rate fell
to .0005% per day, a 24-hr urinc specimen would then give 1 dis/min.
It is probable that the normal unexposed person's natural radium
burdcn%zl) is maximally ,005 pg (equivalent to 104 dis/min), which,
excreted at the ratc of 00055 per day, would result in a urinary
activity of .0l dis/min or thercabouts, rising to .04 dis/min at
radiocactive equilibrium, This method of determining the radium
body burden of cxposcd persons has alrcady been proposed.(17 ’

Assuming that 25 of all inhaled Ra is transferred to bone, that
the effective half-life of deposited radium is 20 years, that the
MPBB is .1 pc, and that the standard worker inhales 10m’ air/8-hr day,
the MPC for Ra in air at work has been calculated to be
1,6 x 10-LL o/cc (or o5k dis/sec/ml).(10)

/6.
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Ceneric term covering instruments devised for quantitatively
recording electrical changes due to ionising radiations
entering a suitably prepared chamber; usually involve
amplification of electrical pulses collected on conductor

at high potential: in other forms loss of potential
measured by sensitive electrometer: in others ionisations
cause scintillation of ZnS or other fluorescent material

on screen, counted by photomultiplier tube: others use
special crystals to collect pulses. Each variety has
special virtues and vices; none is universally useful.

Unit of measurement of radioactivity; one curie (c) is the
amount of a.radiocactive isotope which decays at the rate

of 3.7 x 1010 disintegrations/sccond: hence millicurie (me)
3,7 x 107 dis/sec; microcurie (Ec) 3.7 x 1ok dis/sec:
micromicrocurie (puc) 3.7 x 1072 (0.037) dis/sec. The
slower the decay rate of an isotopc, the greater the mass
requircd to producc 1 curie of acvivity: thus Ra
(arbitrary standard) 1 c =1 gn: ¥1lc = 16 gm:

U238 1 ¢ = 2.8 x 10° gm: reverse obviously also applies.

Produces positively charged particles cf exctremely high
energy (protons, deuterons, «-particles) by causing
low-energy particles to progressively accelerate in a

strong elecctromagnetic field applied to tdces!, particle
track being an increasing spiral enfing at a final deflection
plate: energies up to LOO MeV have been obtained with

«'s and protons, 200 MeV with deu“orons.

Protoplasm of living cells, inside ccll mermbrane, surrounding
nucleus; colloidal system of inorganic ions, nutrient and
organic nolecules, enzymes and protein in water vehicle.

Isotope, stable or radiocactive, of another element,
produced when a radioactive parent isotope disintegrates
by « or f-decay; progressive chain of successive daughter
products forms radioactive series: formed in body,
radioactive daughter product energy contributes quota

to effective energy of irradiation,

Exponential decrcase in amount of radioactive isotope
in consequence of « or B disintegrations; decay rate
(expressed by decay constant) highly specific for every
isotope.

Removal of an element or substancc from the circulating
blood and its incorporation in a rastricted volume, tissue
or organ, either prior to excretic. (e.g. in the liver
prior to excretion in bile) or by adsorption or ion-
exchange processes in (e.g.) bone, Mont elements undergo
at lcast some such deposition after enlry into the blood

‘stream; certain elements, e.g, Ra, Pu. remain more or

less in situ for years; .others are norc rapidly removed
by remobilisation, then excretion; other temms, selective
fixation, preferential deposition, etc.

Usually, the amount (of an injuricus agent) administered:

in radiation exposures, the enzrgv =2osorption (converted. .
from ergs/gm to roentgens) occurri-g during such exposure;

hence dosc-rate, units of dose administered or supplied

in units of time, e.g. roentgens/szcond, or rep/hour,

or rep/3 wonths: dosage (correctly) the total of a series

of successive doses: fractionated dosage, amount administered
in separate known fractions at known intervals: protracted
dosage, adninistration or exposure over a prolonged period

of time (by implication, at low dose-rates); intermittent
dosage, adninistration or exposure to usually irregular

small doses at irregular intervals: lethal dose, the anount
which results in death: LD 50, the amount which causes death

in 50% of the exposed group: MLD, median lethal dose (obsolete).
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Estimation (from theoretical considerations of type and cnergy
and dosage of radiation, and properties of irradiatcd medium)
or dctormination (by experiment) of the radiation cnergy
absorption occurring at diffcrent depths or locations in
irradiated tissucs.

A related scrics of radiations, including long and short
radio, rodar, infra-rcd, visiblc light, ultraviolct,

X and gamma-rays (in order of decreasing wavelength):

all travel at same velocity (3 x 1010 en/scc, or 186,000
miles/scc): undergo rcflection and cxhibit diffraction
and interfercncc effccts., Emitted in wave-form as onergy
quanta (photons): only X and gamma-radiations cause
ionisation of materiel lying in thcir path; the longer
wavelength (and thus less energetic) radiations cause only
excitation of molecules along theoir paths.

Electrically charged particles, with negative charge of

4.8 x 10-10 elcctrostatic units, weight (0 = 16) 0.000548
(onc eighteen hundredth of hydrogen atom): fundamcntal
smallest constitucnts of all uatcerial atoms: in such atoms
electrons circulate in orbits round nucleus, number of
electrons specific to cvery clement (5 atomic number, 2).
Cathode rays and B-particles consist of clectrons.

(ev); "the kinetic enérgy acquired by one electron when
accelerated in the elegtric field produced by a difference
in potential of 1 volt"; thus, a very small encrgy unit,
uscd where the erg (6.3 x 1011 ev, the work done when a
force of 1 dyne moves a mass of 1 gm through a distance

of 1 em) would be too large for usefulness; hence McV
(million eV), Kev (kilo or thousand eV): energies of Y-rays
from natural radiocactive substances may reach 2 MeV:
B-particles up to 3 MeV: «-particles up to 10 MeV.

See cV,

Spccific biological catalysts, present in large varicty but
usually minute concentrations, in all biological systems:
probably catalysc all chemical change in protoplasm:

capablc of aiding synthescs as well as breakdown reactions:
activity high, able to promote up to average of 300 molecular
rcactions/scc/cnzyme molccule: sensitive, beyond a specific
threshold, to toxic influcnces, e.g. irradiation: chemistry
unknown, but belicved to be very large complex reactive
molcculcs,

Inert outer layer of skin; consists of strata of dead
flattcned cells: +thickness varies from 20 - 1200 microns
in different arcas: average thickness arbitrarily 70
microns, i.c. 20 p deepcr than range of 5 McV Pu «-particle:
sce Skin,

Loss of hair from the skin, due usually to interforence
with hair-forming cells of the follicles, often from
restriction of blood supply: follows dermatitis caused
by radiation: sec Skin, radiodermatitis.

Removal of waste materials from the body via the urine,
faeces, exhaled air, sweat, sputum: 1in general, a
material is excrected when (a) it has no specific purpose
for bodily processes, or (b) although of usable nature, it
is ‘prescnt in excess and cannot be stored. -
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. Fission product Radiocactive isovopcs of ¢lements formed b% the
fission (splitting) of U235, Fu: , or U233 by a fast
neubron, along wiul: (2) spare rsitrons (b) gamma ray
photors. Uranium fission results In fission products
rangiig from 31Gallium7l to 64Gadolinium158: fission
yield for an isotope is a % representing the proportion .
of all rissions cccurring which reszult in the production l
of that isotope; for’isotopes of mass number around 90 (Kr) '
and around 140 (Xe), fission yields may reach almost 1095,
Approximately 200 isotopes of abou’ 34 elements are formed
in ficsion: <+he majority uniergo p-decay (often with
y-emission) forming a stable isotope after (ofter) three
such decays: fission procuct half-lives are mostly very
short and decay proportionately rapid: residual activity
from isotopes of long half-life produces major protection
problems in disposal, however,

Gamma rays Electromagnetic radiation, cnmitted {rom certain isotopes
during B, or rarcly «-dccay,.as guenia ov photons, having
the seme tyre of pro:. [tics as buk rhorier wavelength
and greaitcr energy tnan X-rays: woving no mass and no
electrical chaug:, perzhrate materisls more readily than
other raiiations (save coomic): wause comparatively low
density of ionisaticn alonn their “racks: when emitted
by internally-deposited . or B-emitter, do not usually add
sigrificantly to the radiation dosage, especially true for
«c—emitters,

Gelger counter (Geiger-iluller countexr: Geiger tune): sealed tube containing
’ a gas under reduced pressurc with cylindrical cathode and

central wire anode; recally a trigzcring device in which a
voltagz pulse is profuccd by the discharge initiated by an
ionising pariticle: sccae voliage prlcoce is produced by either
«, B or other parsizle; pulscs preiuced then counted by

. connection to aprrenricte electrones instruments. Design,

size, filling gas, materials of uorstruction vary according

to purpoce intended,

Gene Hereditary characteristic of a spccles, passed fron parent
to offspring as a component (gens) oi' chromosome structure
of parent gem cell; is a minute nucleoprotein moloty
(less than 1/20 micron diameter): chromosomes (48 in man's
germ cells) may cach bear thousands of genes, each specific
for some hereditary trait; thus genes are raw material
of biological evolution. In tieir effect, some genes are
dominant, i.e. their cffccts, good or bad, shown in first
gencration; others arc ‘recessive’ , i.c. ¢ffects latent
or hidden, unless both gema cells carry same recessive,
which then shews in first generation, Genes undergo
occasional though rarc !'spontailcous’ mutations, or chango
in nature o trait prcduced: ratz of mutation of genes may
be specded uvp artificiclly, e.g. by ionising radiation,
nitrogen mustardc, Thus, rate of ~hange in biological .
characteristics, good or bad, apt %o be higher in
inbreeding irradiatecd community than inbreeding non-—
irradiated rommunity: hence so-cniled "genetic effects
of radiation"; no cvidence in man to date,

Geonetry Expresses geometrizel relationships between source of
. radiocactivity and =ensitive awvca of counter tube or other
absorbunt of redliziion; often referred to as solid

angle subtended at counticr Tube by sourcc; if poor glves
inefficiert cownbing; if good, givss higher counter
efficiensy,
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female (ovaries),

Blood forming tissues: red marrow (bones), spleen, liver,
and lymph nodes; from primitive parent cells, progressively
more specialised cells develop by cell multiplication,
culminating in formation of mature red and white cells

which are then extruded into circulation; since normality
of blood formation is vital, and h, tissues are highly- L
cellular and active, these tissues are regarded as one of

critical tissues in radiation dosimetry and protection,

1. Radiocactive: +time required for the radiocactivity of
a given amount of an isotope to decay to half its initial
value; thus after one helf-life, 50% activity remains,
2-25% etc.: if accurately determined, specific to
individual isotope: varies tremendously, from 10-° sec %o
1010 years, in different isotopes,

2, Biological: time required for the amount of an isotope
fixed in the body to fall to helf its initial value as a
result of excretion processes: correctly, does not cater
for early excretion within first fow days of absorption
(e.g. Ra, 10% gut contamination absorbed, but about two-
thirds of absorbed amount excreted in few days; residue
fixed in bone, with.b, half-life of ordcr of 20 years);
varies with element from days to many years; if element
(e.g. Na) has no selective fixation in body, b, half-life
refers to 50% loss of all element taken into body.

3. Effective: radioactive or biological half-life of

isotope (whichever is shorter) as further reduced by excretion
or radiocactive decay occurring in same timé in residual amount:
oorrectly, sum of radioactive and biological decay constants.

Electrically charged particle of matter, either atom, radicle
or molecule: formed when photon or ionising particle frees
orbital electron from atom in its path by collision, in
effect leaving atom with one surplus positive charge:

freed electron attaches to an adjacent atom, adding thus

one negative charge; thus ion-pair formed: ions are
attracted in field of electric potential, negative ions %o
positive (anode), positive to cathode: may be accelerated in
the process, with increase in energy; this permits either
transfer of energy to molecules collided with in travel, or
ionisation of other atoms in path by collision, especially
under reduced pressures.

Sealed or gas-flow chamber provided with electrodes operating
at controlled potential difference, serving to collect ions
formed by incident ionising radiation but without causing
further ionisation, i.,e. insufficient acceleration of ions

to cause ionisation by oollision: ionisation occurring in
chanber then detected by measurement of voltage produced by
flow of charge through resistance, or measurement of rate of
change of voltage as charge is collected: ' one form is
parallel-plate condenser, another is thimble chamber (with
central collecting rod); ecan detect all types of radiation, -
energetic ionising particles by counting circuit, less

ionising radiations (v, P) by charge collected/unit time,

Very diverse applications, therefore, ard many special

varieties. ’ -

Reduction of activity of e.g. an enzyme system, blood
cell formation, etc.: typical first effect ol toxic
agent on living processes, in some cases Teversible and
recuperable, in othem irreversible and permanent.
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Assuming that 10% of all ‘ingested Ra is absorbed and all is
deposited in bone, that the effective half-life in bone is 20
years, that the MPBB is .1 uc,. and’ that a person ingeats. 2,5 litres
of water as food or drink daily throughout life, the MFO for Ra in
drinking water or ingested materials has been calculated to bo
T x 10-0 po/cc  (or 1.5 dis/sec/litre or kg)« ().

i

As regards. radon in air, a concentration of 2.5 x 10-8 c/litre
of Rn in air in uranium mines has apparently resulted in a very
high incidence of lung cancer in workers (approximately 509 »
and animal experim?ng§ have verified this order.of radiotoxiolty
for inhaled radon, 1 The recommended MPC.for radon in alr at
work is therefore 5 x 10-1L ouries/litrc (or 5 x 10-0_po/cc; (L)
cquivalent to 1800 dis/sco/ml).

Assuning that 50% of the radon cmanating from .1 pc of doposited
radium in the body is cxhaled (and thercfore contributes no further
to internal irradiation of tissues), it is calculated(10) that
.1 pc of Ra distributed in the skeleton causcs to adjacent bone
colls o dosc-rate of .07 rep/weck, Since «-radiation has a relative
biological cfficiency of 10-20 when comparcd with X and y-radiation
(for which the MPE is 3 rep/weck), the MP weradiation of cells
would be .015 - .03 rep/week; which would bo caused in theoxry
by Ok - .02 ug Ra distributed in the skelcton., Clinical :
judgments have suggested that .1 pg is permissible, and that value
has been accepted., Therc is, however, comncndable agrecement
between the clinical and thcorctical asscssments of rascmum
permissible body burden in this instanccs

- m e m we e em e = em e o wm e =
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(ReF)  FOLONIUM. (Po210) .

“Makimal permissible continuous.bpdy burden ——- .005 po.

Meximal permissiblo concentration in .
alr, at work o Doee= 1.2 % 10-10 uc/cc.
: (4.5 dis/sec/m3) -

-.The MFBB of .005 uc for Po210 i3 based largely on direct
comparisons betwéeti the radiotoxicity. ofy radium, plutonium and
polonium on.rats and dogs. (22). Thesé¢ experiments investigated only
soute toxicity, of high intake rates; . in the prosent absencé of
evidence to the contrary, their implications must be assumed to
extend also to chronic exposures at low intake rates. There is,
however, very:little rdal evidence on which to frame the MFBB, and
.005 uc probably rcprésents am oxtremely safe valuc.

-Polonium, unlike Ra‘and Pujy docs not deposit firmly and ’
sclectively in the skeleton, hut undergoes only temporary storage
in the liver, splcen-and to a ecrtain extent, the bones. It is
rapidly excreted.in the urine, -its effective ‘half-life Yeing of the
order of '60: days, comparcd with 20 yoars ‘for Ra or Pu.(é; 25

The high radiotoxicity and hence the very low MPBB of .005 uc
Po?l0  (compared with .1 'uc for Ra226) would result meinly from
its short half-life (138 days) and consecquent rapid disintegration
rate, compared with the 1622 year half-life and slower disintegration
rate of Pa226, This rapid chergy-rtlease more than offsets the lower
encrgy per disintegration of PollO, The MPC for Po2l0 in air is
approximately 10 times highor than that for Ra226, however, duc to

the fact that Po2l0 is oxcrcted from the body far morc rapidly
than occurs with Ra226, -
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URANTUM COMPOUNDS
. Maximal permissible cdncentration,
in air, at work =  —--=me------ 50 pg/m3

(1.7 x 10-11  pc/cc)

No international recommendations have been issued on the MPEC for
U compounds in air, water or in the body, The value of 50 E%/h}
is now accepted both in this country and by the A,E.C, (2, 16, 25)
The official vicw expressed is that "as the specifio activity
of natural uranium is so low, it is considered that tho hazards
arising from its use are mainly chemical". (33)

The major biological risks from over-absorption of uranium
ion by the body lies in the production of damage to the excretory
cells of the kidney, as is known to occur with other heavy metals.
Therc is also some injury to the liver and to other internal
tissues after high dosages. Somi-pcrmapent deposition of
unexcreted U occurs in skeletal bone, (26, 27, It is thought
improbable that inhaled U dusts will causc specific lung injury,
although this is not yet certain,

Injury from the chemical toxicity of tue U-ion occurs at far
lower tissue concentrations than those required to cause radiation
offects. U is an «~-cmitter, and the injury threshold dose-rate
would therefore be .03 rep/week of alpha radiaticn, assuming a
rclative biological efficiency of 10 for «-rays. Calculations
show(28) that 25 pg U/gm. tissue are required before that dosc-rate
is attained. Experiments on dogs and rats indicate that this
concentration of U-ion in tissues is very difficult to produce,
and demands extremelg high intake rates. In chronic cxposures of
animals at 50 pg U/m? of inhaled air, the concentration of U in
lungs, blocd, bone or kidney did not attain 25 ug/gm. At this
concentration there is also believed to be an adequate safcty factar
from the chemical toxicity of the U-ion.

The factor of safety in the MPC of 50 ug/md varics scmevhat,
according to the 'solubility! or 'insolubility' of the particular
compound concerned. 'Insoluble! U compounds, such as U0z, high
grade ore, U308: UPFL, have a higher safcty factor at this MPC
than the morc solub%e compounds, such as U0pF2, UF§, U02(N03)2.

The most chemically toxic compound of uranium so far known 1s uranyl

fluoride, U0pFp, arising from the hydrolysis of UF6.(50)

On the basis of radiotoxicity, the MPBB for U in the body
(skeleton) has been quoted as 0L gm (10 milligrammes) . (10)
That for the lungs, weighing 1000 gm. in standard man, has becn
quoted as 25 milligrammes, i.c. 25 pg/gn of tissue.(Zé) .

Assuming that standard man inhales 10m3 air at work daily,
he could thus inhale (50 x 10) or 500 ug of uranium. Assuming in
the light of experiments on animals, that onc-eighth of that inhaled

/is absorbed
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is absorbed into the bloodstream,‘(tha roemainder being removed from
tho lungs by normal mechanisms applying to dusts), the daily
.absorption rate would be about 60 pg of U. Assuming further that
only one-fifth of the absorbed amount is retained semi~permanently
in the skeleton, the romaeining four-fifths, or about 50 pg, would
be cxcreted, predominantly very rapidly, in the urinc. Since the
normal daily urine volume is 1500 cc, the concentration of U in
urine could thus bo about 30 pg U/litrc urinc as a result of
inhalation at MPC levels. If the compound is a goluble one,
perhaps onc-quarter of the inhaled dust would be absorbed; din that
caso, the urinary concentration of U could be doubled, i.e.

60 ug U/litre. '

From the above, it will be scen that the urinary uranium
oxcretion reasonably compatible with inhalation at the MPC level
in air is from 30 to 60 pg U/litrc of urine, depending upon the
U compound concerned. It is reoormended. that the MPC for U in
urine is rogarded as 60 ug/litre; 1levels in excess of this
should be taken to imply over-exposure to uraniun from some
occupational source, unless this can be excluded, (29

The algha—activity of air corresponding to 50 ug U/md
(1.7 x 10-11 pc/cc) gives 70 «~dis/nin/m3, since there are
effectively two o«—disintegrations per atom of U258.(25)

The MPC of 50 pg/m> gives an adequate order of safety from
concurrent intake of the impurities present in crudc orc, €.g.
lead (6%), Si0s (10%), radium (1 curie per 3 X 106 gn U,
or 1 curie/3 tonngss

Cortain of the chemical compounds of uraniun, e.g. UPg
and others, arc directly corrosive to the skin, cyes, nose,
lungs end all tissues. The MPC of 50 ug U/m3 of air provides

—adcquatc safety from these local effects. However, the
corrosive properties of such compourds, and in the case of

U0,F,, its high solubility (18 gn %) and toxicity, are so
navkéd that the safe permissible range of concentration around

the MPC is very limitecd indced.(jo)‘ This aspcct is mentioned
in paragraph 31 of thc main report.

Although there is no doubt that the toxicity of inhaled
perticles incrcases rapidly with dccreasing particle size,
the MIC of 50 pg/m3 is based alréady upon the toxicity of
very fine particles (.5 - 1 p diameter), No allowance therefore
needs to be made for particle size distribution in industrial
uraniun dusis, .

No official figure exists for the MPC of U in drinking water.
On the bases that 50 pg/m3 is safe for inhalation; that standard
man breathes 4000 times more volume of air at work than he ingests
wator in & day (10m3 : 2,5 litres); that he absorbs. only 1/250
as much uranium from the gut as from the lung (25% : +1%);
then the MPC of U in water could be (4000 x 250) times that for
an equal volume of air, i.e. 50 ug/ce, This would give the sameo
order of safety as that provided by the MPC in air. Since this
50 ug/cc would be a theoretical voccupational" exposure, a further
reduction by a factor of 20 should bo made for an outside ocommunity
having uranium contamination of its drinking water supplies.
The veluo could thus bocome 2.5 pg/ce (2.5 PeDem.). :

/13,
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The above paragraphs rcfer to chemical compourds of y238
or of natural U in radioactive equilibrium, They also refer to
uranium enriched in the isotopes U235 or U233 and give an
adequate factor of safety for pure U235 or U233, They do not,
however, necessarily apply to uranium contaminated with fission
products, e.g. uranium recovered from pile-irradiated oartridges.
A further specific MPC may eventually be required for such
material, imposed by the degree of residual contamination with
fission products or plutonium.
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PLUTONI UM

Maximal permissible continuous body :
burden ‘ ereiess 006 ug (2Oh po)

Meximal permissible concentration
of Pu in air, at work eevevee b x 1012 yc/ce
Maximal permissible concentration
of Pu in drinking water, otc. vereses 1.5 x 1076 po/oc

The major biological risks arising from occupational over-
cxposurc to particulatc Pu239 in the atmosphere appear to be the
production of cventual bone changos similar to thosc duc to over-—
deposition of radium (App. V). Similar blood changes are also
possible. There is also a possibility that specific lung injury
(lung cancer) could follow chronic ovor-exposure to inhaled Pu
dusts, from persistent intenso e~irradiation of lung cclls, such
as is belicved to have occurred with over-exposurc to radon {App.V).

The basis for the MiBB of Ok pc (.6 ug) for Pu239 is mainly
dircct experimental comparison betwcen the radiotoxicity of Ra, o
and Pu in rats and dogs.(22, 24) It appearcd that the manncr of
deposition of Pu in microscopic relation to thc bone cells
was likely to causc Pu to be several times more injurious than Ra,
when compared on an activity (curic/curic) basis. This is offset,
in 90mparisons by mass, by the fact that Du requires 16 gm. per
curie,

4 proportion of all absorbed u is excreted in the urinc, and the
approximate order of daily excretion is known both in animals and in
man, (31)  Excrction ratc decrcases rapidly after the causative
over-exposure., If, as a result of occupational over-exposurc, a
person has the MBB of .OL pc Pu in the body (causing 1500 «-dis/sec,
or 90,000 «<-dis/min), it is possible to calculate the subsequent
«-activity of 24 hour urinc specinens from certain assunptions
regarding the cxcretion rate of u following absorption,

Estimated <-activity in urine at incrcasing times after
absorption of onc M.BB (.04 upc) of 2ud37;  assuning 1005
analytical chenmical cfficicncy. (% excrction bascd on
aninal and human studies)

% of MiBB cxcreted in Urinary o-count
urine per day, at Urinary Pu cxcretion assuning 3X% counting
various times after per day efficiency.
absorption («-dis/mimitc) (e =¢/minute)
Delay Exorction
day 1 14 900 300 ’
month 1 +1% 0 30
nonth 6 »015% . 9 3
ycar 1

(and after) .001% o9 o3

s
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It is probable that the normal human body burden of Ra
and U will give «—activity of the urine recaching at times up to
«1 c/Mmin/2k hourly samplc, and this imposes some rostriction
on u determinations at very low count-rates, The difficulty
of detcction of absorbed Pu incrcases rapidly with inoreasing

time after the oxposurc, although it is rcasonably straightforward
within a fow days or wecks of first absorption. Easc of detcction

is also obviously proportional to thc actual body burden of Pu,

Inhalation of Pu at concentrations beclow the MPC will result
in some Pu absorption and will give some increasc in urinary
«activity. If, for cxample, a pcrson inhalcs the iC for Pu
in air on cach working day, thc total absorbed Pu (assuning 10%

lung absorption) will be 4 x 10-6 pc/day, cquivalent to 8 «dis/min,
If, in the next 24 hours he cxcrctes 1% of that absorbecd, the day's

urine will thus give .08 dis/fiin. To this nust be added the
cxponentially decrcasing cxcretion from previous days, months
and years of cxposure, The additive cxcretion in such a case may

emount to at least 1 dis/min/24 hr, urinc specimen. It is thercforc
concecivable that a worker occupationally cxposed to iu at atmospheric

concentrations within the }MC may have up to 1 ¢/min in any day's
urine specimen,

It is recommended that if the daily urinary activity excecds
1 ¢/min in an cxposcd worker, it is presumed that over-exposure
may have occurred, and this possibility must be excluded.

It will be noted that if a single very soverc cxposure
somiec months previous to a urine test had cauvsed the MIBB of

0L pc to be absorbed, this would still result in urinary activity
of at least 3 ¢/min/24 hr. specimen, cven 6 months after absorption,

and would thcoretically be dctected on the basis of +he
recommendation in para. 6.

It is calculated that the MG of 4 x 10732 jc/ce (9 «-dis/nin/m3)
provides a satisfactory standard of protection against the build-up

of u both in the skcleton and in the lungs., The recommendation

applics to all iu compounds, irrespective of chemical combination,

and to lu acrosols irrcspective of particle size distribution.

The MiC for Pu in drinking water (1.5 x 1076 uc/cc) is
considerably higher than that for the MPC of Ra in wator

(& x 10-8 po/cc). This is bocause 105 absorption of Ra is assumod

to occur in the gut but only.l%, absorption of Pu, Furthermore,
tho cffcctive available cnergy of the Ra chain of elcments in the

tissues is congiderably greater (15 MeV) than that of Pu239 (5 Mov).
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Appendix IX,

ESTIMATED MAXIMUM PERMISSIBLE CONCENTRATIONS OF RADIOISOTOPES

IN ATR, UNDER WORKING CONDITIONS.,

Preliminary Notes.

i. All values have been specifically adjusted for occupational
exposure, i,e, 8 hours/day.
ii.  For 24 hours/day (continuous) exposure, the values should be
halved,
iii, For contimious envirommental exposures of arbitrarily !large!’
communities, the values should be reduced by a factor of 20.
R ESTIMATED MFC IN AIR (po/cc)
International British American
Ool, I Col, II Col, III Col, IV Col. V
B 1 x 107k 5.4 x 10=5 || MFBB 10 uo
| o l 2 x 10-6 9  x 1077 || as olbo,
| N6 1.2 x 10-2 !
019 2 x106 o
Na22 4.8 x 10~7
Na2l 6 x 10-6 3o x 1076 || MPBB 15 o
p32 2 x107 . 7.1 x 10-8 | MPBB 10 wo
| % 111 x 1076
c136 1.2 x 10-6
- RO 2.3 x 10-7
K*2 6.5 x 10-6
AR 2 x 10-6 See Note 1,
cald 48 x 10-9
Calt7 L1k x 10=7
Oaltd Ly x 10-5
MnS2 1.3 x 10-6
Mk . 6 x 10-7
Mrd6 5.9 x 10-5
Fed?2 1.1 x 10-5
Fedd 5.3 x 10~7
Fe?? 3 10-8
ce& MFBB 1 uo
qu®7 2.1 x 10-6
KyP35 2 x10-5 See Note 1.
kx5 L x 106 "
k7 L x 106 .
Kr58 2 x10-6 "

ContoooQolcto
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- 1 coTIMATED MPC IN ATR (ue/oc)
ISOTCE irintcrnational’ British American RIMARKS
Col.J. 1 Col.II Col.III Col.IV Col.V
sr89 R | 2 x10-8 : MPBB 2 uo
srd0 Y90 | & x10-10 | 1.6 x 10-10 | MPBB 1 uo
91 { 6 x 1079
7r95 + W295 | 6 x 1079
Rul03 4 Enld> ﬁ ~ i's  x 1078 i
Rul06 , pni%6 ! 3 x 1079 |
:_Tex127+ INEYR 2 x10-7 .
16%129, £ 129 | 8 x10-8 —
1125 I 9,1 x 1077
| 1126 B 3.6 x 10-9 o
7130 .Wﬁ 2.7 x 1079 o
. Tl3 1z % 10-9 3.2 x 10-9) MPFBB body 3 uo,
| | thyroid .18 po.
. S _See Note 3, ..
T B 1.1 x 10-8 -
 Xeldd _ﬂ___ x 10-5 See Note 1. o
Yel35 ~__-A4".?M“ ) x 10-6 See Note 1.
08374 prE ‘1L o 1.6 x 10-6
i Ba}fgi_émll{_. H _ L x 10-8 ~ )
| celtd, gl 1 x 1079 )
Pnlk? i 2 x 109
p021q-_~_*__'iq_‘__“______ 1.2 x 10-10 See Appx. VI.
Rn222 : o 5  x 10-8 See Appx. V.
Ra226 ;il 5w 10-11 See Appx.V.
—_— MPBB L1 uec
U238 '!1,7 : 10-11 See AppX.VII
i (2 50 pg/md)
Pu239 13, x 10-12 i gSece Appx. VIII.
: i J MEBB .04 po or .6ug
Note 1. Tso*opc. of inesri gases Argon, Xenon and Krypton present mainly

Note 2.

Note 3.

Note L.

e cicboinal radiation.,

A A
z A

The MEC's quoted restrict external
n to the corrcct MPE (0.5 rep/week at the surface) :
2.3 so-called "immersion" conditions. (10)

hese

The inerican values in Column IV arc estimates stated to ,
possess no tdeliberate! safety factors. The American author(11)
recomnels a plant safety factor of 100. However, where
comparison is.possible, it will be scen that his values aro
alrcedy 'salor’ than those of Col. II.

113% is adsorbed or absorbed by herbage, possibly selectively.
Tn order to cnsure safety of grazing animals, a special
tagiricultural! MEC of 2 x 10-12 pc/cc has been recommended. (32)

Literoture references, Col. II - 33, 7, 6, 10.
Col.III - 10, and various M.R.C./T.D.P.
S papers.
Col. IV - 1l.
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g> ESTIMATED MAXIMUM PERMISSIBLE CONCENTRATIONS OF RADIOISOTOFES
TN DRINKING WATER, EIC.

preliminary Notes

i, All values have been adjusted for continuous £xposurc, i.e., standard -
daily water intake for a full lifetime, (No obvious necd exists ‘
to refer to 1occupational' exposure in this Appendix.)

34, TFor exposures of arbitrarily 'lerge’ outside communities the values
should therefore be reduced by a factor of 10.

iii, For lack of evidence to the contrary, the values may be taken
as also applying to other ingested materials, €. foodstuffs, of
both man and (in the absence of other data) animals.

{v. Where more than one isotope is present ln an ingested medium,
additivity of effect is envisaged, If, therefore, the actual
concentration of each isotope present is expressed as a fraction
of its MEC, the sum of all these fractions should not cxceed unity.

v. The values quoted do not necessarily apply where significant
dilution of the radioisotopc may occur due to the concurrent
presence of stable isotopes of the element in the same medium,

Ls07OPE | RECOMMENDED MEC -IN WATER (uc/chi'E AESARKS l
Tnternational British american

Col. I Col. II Col.ILIL Col. IV | Col.V

HD ‘] N - ‘ MFBB_ -0 po 1

ot ': 3.1 x 1073 | ks Cho3 radicald
| Na22 L6 x 10 |
a2 | 8 x 1073 . w0 | s 5w
“ " P32 | 2 x 1074 2 x 10-% || WESB 10 yo

S35 ! ' 3.8 x 10-5 } l

c136 | T T
Be 4 [ S e T —

K2 ‘ 2.2 x 1072 |

Cald | 1.6 x 10-5 N

Cel7 ! 4.8 x 107D '

caltd , 1.6 x 10-1

w2 : k3 x 10-3

Mndl 'l 2.1 x 107

}n56 ] T 2 ]
_ FeS2 '3.8 x 1072 |

pe55 (1,8 x 1073 B

Fe59 | T % 10k |

cob0 [ 1 x 105 T ‘ i

cub? % } {7 x 10-3 T

continuedee..
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(_ﬁ ESTIMATED MEC IN WATER (po/co)
ISOTOFE International | British American
Col. I Col. II Col.IIX Col. 1V Col. V
sr89 2 x 10-5 MFBB 2 uo
sr90 4 Y90 ls x 107 ‘ MPBB 1 uo
y91 3 x 10-3
7795 4+ Nb95 (5 x 10-3
RulO3; Rn103 L x 10-1
|Ru106+ Rhlo6 8 x 10-2
pe¥l27, 1el27 |1 x 1073
T0¥129, 10129 | | 3 x 107k | ]
1125 i 3.1 x 105
1126 1.2 x 10-5
1130 8.7 x 10-> i
1131 3 x 1075 1.1 x 10-5 |MEBB .3 uc in body,
: .18 pc in thyroid.
- . - _ - . See Note 3. -
1133 | L, 3,8 x 10-5
csl37 4 Bawl37! 1 x 103 | ' T
Ball0 , LalkO | 6 x 105 | !
Cothl {1 x 1072
Collds o Priblh | 8 x 10~k i
Pnlk7 : 12 % 10-3 E
L | 0
Ra226 i 4 x 10-8 lsee Appx. V-
B | 'IMPBB .1 pc.
U238 ; 8 x 10-6 ||See Appx. VII.
- . 1( = 25 pg U/cc water)
pu239 1.5 x 1076 TSecc Appx. VIII.
| | MFBB Ok pe (.6 ug)

Note 1. Literoture refercnces.
Col, 1II : refs. 33, 6, 7, and 10.
Col, III : 10, and various M.R.C,/T.D.P. papers.
Col. IV : 11.

Notc 2. The values quoted in Col., IV are stated by the American
puthor to possess no deliberate factors of safety. Wherc
comparison is possible, however, thesc valucs already
approximate very closely to thosc quoted in Cols. II and
TII. The originator's suggestion, that a safety
factor of 100 be superadded to Col. IV figures, is therefore
considcmed very cemscrvative indced. '

Note 3. TI131 in vecgotation. The 1131 concentration in vegetation,
Tikoly %o result in thyroid gland dosc-rate of 1 rep/day, is
ostimated to be 2 x 10-k pc/gm vegetation, i.e. a higher
value than the MPO in drinking water for man, by a factor of
almost 10. (32, 3k) :
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GLOSSARY OF SELECTED TERMS USED IN RADIOBIOLOGY AND

Appendix XI.

RADIATION PROTECTION. ¢

Preliminary Note, This series of definitions or explanations -
is given in response to requests for such information from both

medical, health physios and other staff. The definitions may

well be found somewhat or quite inaccurate by specialists in

that field; they however are intended to serve the general

purpose of indicating what other staffs! terms mean when

encountered in discussions, reports or litcrature. 1 am

naturally much indebted to many textbooks for their help. - E.F.E.

Absorption 1. Transmission of a substance, usually in solution, across
a membrane at a body surface, e.g. lungs, gut, skin, eye,
nose: usually specific and selective for different
elements or compounds.

2. Toss of energy of radiation in penetration of irradiated
medium, energy being transferred to atoms in or
alongside path of radiation; comuon indices of absorption
are absorpbion coefficient, and "half-value layer".

"Acute" Marked and rapid response. of tissue to injury, usually with
very short latent period, sudden onset of effects and
implication of severity. (cf. "ehronic")

Alpha- Streams of «-particles from an «—emitting isotope; each
radiation particle a helium nucleus (4 nuclear mass units, 2 positive
charges); characterised by short range of penetration
(centimetres in air, less than 100 micrens in tissue),
dense ionisation tracks in path, and high relative biological
efficiency (RBE, GeVe)e

Anaemia : Deficiency in quantity or quality of the circulating blood;
most commonly, deficiency in haemoglobin (oxygon~carrier)
content of red blood cells: late effect of scvere over-
exposure to radiation.

Angstrom unit (8) 10-8 cm, or 10~7 mm, or 10-% micron. Most atomic radii
fall between .5 and 2.5 R. Optical resolution of microscope
105 8.

Atom The smallest portion of an clement that can be found in a

molecule of any of the clement's compounds: comprises
central nucleus (itself consisting of neutrons and protons)
with electrons circulating in orbits; numbers of these
electrons specific to particular element.

Atrophy Reduction in size, thiclness or clasticity of 1living tissucs
following some types of injury or diseascs.

Autoradiograph Photographic demonstration of tracks of ionising particles
from radicactive substance in ore, biological tissue or
other material kept in contact with photographic emulsion,
usually requiring lengthy exposure time.

Backscatter Radiation reflected or deflected from external or internal
surfaces of an irradiated medium,
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Blood count

Body burden
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Bone marrow
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Streams of fB-particles from a B-emitting isotope, cach being
an electron (mass 1/1800 that of neutron, 1/7600 that of
u—particlo) possessing one negative electrical charge:
characterised by comparatively low pengtration of matter

(about one hundred times that of «-particle, i.e. few metres
in air, 1 cm, or less in tissue, deponding on erergy) ,

low density of ionisation along tracks (about equal to Y-rays),
eagse of deflection (tortuous tracks), and low relative
biologizal efficiency (equal to Y-rays, 1/20 of «-rays EBE) .

Disperse phase (50:50) of blood cells in blood plasma
(a solution of nutrients, inorgenic ions and proteins):
amounts to about 1/13 weight of body in mammals: formed in

" haemopoietic tissues (marrow of ribs, sternum,_pelvis,
“vertebrae , long bone ends, liver, spleen, and 1ymph nodes)

circulates through all body tissues in closed system of
vessels and semiparmeable capillaries: transports required
materials to cells (oxygen, nutrient molecules, chemical
messengers, etc.) and transports wastes to excretory organs
(oreakdown products, carbon dioxide, etc.).

Two types, white and red. Red cells function as 02—carriers;
white cells mainly anti-infection defence. White cells of
several types, e.g8. multilobed nuclear cells neutrophil,
eosinophil, basophil) discrete rucleus cells Elymphocyte,
monocyte); also platelets (concerned with blood clotting)

in addition. Average life red cells 120 days; white cells
only fewghours or days.

Investigation of number, tyne and normality of cells in
circulating blood; of value in conditions where changes

in these give first detectatle body response to injurious
agent (lead, benzene, radiation, etc.); “"normal" count
varies with individuel, rccent physical activity, infections,
and other factors, which must usually be taken.into some
consideration.

"Maximal permissible body burden' implies that amount of

a toxic substance which may be present, permancntly deposited,
in the body, and will in that situation causc a maximal
permissible radiation dose-rate to adjacent cells.

Consists of (i) mineral structure (cortex, containing mainly
elements Ca and P, with network of capillary canals, :
interspersed living cells) cnclosing (ii) lattice structure
of bone spicules (matrix) scrving as franework for bone
marrow cells. Most cell activity occurs at inner and outer
surfaces of cortex; many hcavy elements, rare earths

ard other clcments are selectively deposited in or on bone
structure, site varying with element.

Non-bone cells lying inside bonc structuro. Yellow marrow
mainly special fat storage; red marrow is highly cellular
blood—forming tissue, extruding the formed mature cells into
blood stream,

‘serious local abnormality of tissuc of the body, in which

normal continuous pattern of cell-division and cell function
gives way (due to mechanical, chenical, physical or othor
stimulus) to abnormmally rapid tissue growth and abnormal
cells; involves invasion of local normal tissues in all
direotions, with possibility of spread to distant areas

via blood or lymphatic drainage: occupational cancers
include those duc to over-cxposurcs to tar-derivatives,
ayestuffs, miroral oils, nickel, arscnic, r~iirtion and
radioactive substances, and other agents.
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Cancerous changes arising in highly cellular tissuecs or organs
of the body; (c.f. sarcoma). _ :

Opacity of the ocular lens, caused by inflammatory changes

following physical, chemical -or other injury; - occupational
cataract has occurred duc to infra-red or ilonising radiation
(X, Y and neutron exposures above MPE!s).

Streams of clectrons (f-particles) emitted from the cathode
of an evacuated tubc operating at a high electrical
potential difference.

A discrete, usually minute, mass of living matcrial
(protoplasm) consisting of a visible wall (in plants) or a
membrane (in animals) enclosing a semi-fluid mass (cytoplasm)
in which is suspended the nucleus. Cells vary not only in
size, but in composition, contents, function, structure,
reproductivity.

rroperty posscsscd by most clements or compounds, if in adequate
dosage, of causing injury to living cells from chemical
reactions with constituent molecules of nucleus of cytoplasm;
chemotoxicity is thus a property of ions, radicles or whole
rnolecules.

Dense nuclcar material carrying hereditary characteristics of
parent cells; on cell division (by nitosis) form strands,
eachn strand dividing'in length, thus duplicating itself and
its burden of 'genes', and providing the two nuclei to be
formed with identical characteristics of varent. At times
strands break (e.g. under influence of ionising radiation)
and may mis-unite, disturbing hereditary pattern of cells
thence onward., In division by meiosis (q.v.) chromosone
rumber is halved, prior to fusion of reproductive cells.

Taplies gradual, insidious, slowly-develoing or prolonged
response to injury or disease, as distinct from "acute" (q.v.);
implication also of being unresponsive to natural healing or
medical treatment; in sense of prolonged, apolied also to
radiation exposurcs, e.g. chronic exposure.

Scattering (first described by Compton) of X and y-rays impact-
ing on an electron in their path; the X or y-photon is
deflected from its previous path and undergoes reduction in
energy (thus increase of wavelength): the recoil elcctron,

by incrcase in its velocity, accounts fully for the lost

encrgy of the photon; effcct is most important process for
Y-ray absorption at high cnergies (.5 - 5 MeV), but negligible
at low encrgies where photoelectric effect predominates;
accounts for degraded encrgy and scattered angles of X or

Y beam passing through absorber, '

Ionising radiation, originating somewhere in outer space,
causing about 1 particle/cm?/min. to hit the earth's surface;
arbitrarily two corponents, hard (mesons, with some protons,
neutrons, atomic nuclei, electrons and photons) all with
intense encrgy, average 6 billion electron volts, and
tremendous penetration, greater than 1400 metres of water,
for example; and soft, less energetic (circa 200 MeV)
positive and negative electrons, photons, protons, neutrons,
stopped by 10 cm lecad. Contribute perhaps 5 - 106 to
natural background radiation,
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Special type of radioactive decay, in which one isotope

(of a oertain rate of radiocactive decay) changes its rate
of decay without however changing its atomic mumber,

mass number or place (therefore) in the Table of Isotopes;
appears to arise from production of first 'isomer! in a
highly excited state of energy, causing rapid release of

a y-photon (without particle emission) thus forming second
igomer in "ground state" of energy: over 70 examples knownj
few cases of triple isomerism (double_transition) are known:
examples UZ:UX2, Te¥l27 - Tell/, go¥xl2h - g - Sbl2k,

Atoms of the same element, having the specific number of
orbital electrons for that element (atomic mmber) and
therefore chemiocelly indistinguishable, but varying in the
atomic mass number (neutron/proton total in the micleus) ,

some being therefore heavier than others, e.g. 92U

(1ight isotope) 2U238 (heavy isotope). Each and every
element of the 98 thus far known, has chemloally indistinguish-
able but lighter or heavier isotopes prepared or found;

nearly 1200 isotopes have now been discovered; oapable of
being divided into two groups, stable (non—radioactive)

and radiocactive (either naturally or artificially prepared).
Most natural forms of elements actually consist of two or
more stable isotopes of the elements, Separation of isotopes
depends upon utilisation of some property of different masses,
e.g. clectromagnetic deflection, thermal diffusion, gaseous
diffusion, centrifuging, distillation, electrolysis: for the
lighter elements (up to 16534) there are in faot slight
differences in chemical behaviour of isotopes of the same
clement, and chemical separation can be used: this has not
yet becn shown to feature in any biological reactivity of

the light element's compounds. The nuclear and radicactive
properties of every known radioisotope are specific to that
isotope: loosely, radioactive isotopes (radioisotopes) of an
element may be termed radio-elements, e.g. radiostrontium,
radioiodine, etc.: since such elements often have scveral
dissimilar radioisotopes, confusion occurs at times.

Dilution (i.e. of radioactivity) of a radicaotive isotope

by mixing with appropriate quantity of stable isotope of

same element; since chemically indistinguishable, radicective
and stable isotope will proceed in parallel throughout all
subsequent chemical changes: basis of ‘all 'tracer' methods
for biological and chemical investigations: usable to reduce
dangerous levels of activity (e.g. in water supplies, food
materials, living tissues) to innocuous levels.

Abnormal condition of skin, due to excessive formation of
dense fibrous tissue deposits, sometimes spparently
spontaneous (or congenital), otherwise from abnormal
formation of scar-tissue, e.g. in wounds, after burn-
healing; ocoasional trend towards malignant ohange (cancer-
development),

Bilateral organ (mammals) concerned with excretion (as
solution in urine) of traces or excesses of material which
other body tissues have not solcctively absorbed or taken up:
consists of about 106 (in man) highly eellular twisting
tubules ending in collecting duct to bladder; oopious

blood flow through organ, particularly the selective
filtration-bed (glomerulus); concentration ef urinary
constituents by re-absorption of water; kidney cclls aph

to be injured during excrefion of high concentrations gf
toxic agents, e.g. lead, uranium, mskhenium, arganie

moloouleg, veCterisl toxdins,
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White blood cells: ' function maiﬁly enti~infective, engﬁlfers

.or dissolvers of foreign bodies, including germs, throughout

body: occur in several specific forms in circulating blood;
formed in haemopoietic tissues:’ total rumbers in blood vary
between 4000 - 12000:/cu.mn, in normal individusls: mumbers
reduced by injury to formative tissues, e.g. by radiation,
toxic molecules of organio compounds (some): increase in
numbers in most infections, exercise:malignant increase in
numbers in leukaemia;. types, numbers, normality important
in health supervision of persons exposed to some chemotoxic
arnd most radiotoxic risks.

Malignant over-activity and abnormal activity of white
cell-forming tissues, ocourring spontancously .as 'natural!
disease, also notably apt to occur following consistent
over-exposure to radiation, especially of blood-forming tissues;
incidence nine times higher in medical radiologistis than

other medical men of same ages: occurred in persons over-
exposed to radium/mesothorium as dial painters: usually fatal,
precise mode of causation doubtfui: may run course of many
years or few weeks, depending on type.

White blood cell, presemt in circulating blood (1000—5000/cu.mm.)
formed by lymphnodes scattered throughout body; one form of
leucocyte: probably most sensitive of all white blood cells
to radiation over-exposure, if affecting sites of production.

Lymph glands; discrete usually small masses of lymphocyte-
forming tissues located at fairly definite positions
throughout body: serve to collect and usually detoxify
foreign chemical molecules arising in organs, e.g. in tonsils,
lung, gut, skin, etc,

Large highly active and cellular organ in atéomen: functions
rultitudinous, including foodstuff convercicm, detoxification
of abnormal or injurious blood contamination, temporary

storage of urwanted substances (e.g. certain heavy elements)

or foodstuffs (e.g. fat, glycogen), blood cell and haemoglobin
formation; best regarded as hardworking physiological chemical
laboratory of the body.

Sponge-like elastic mass of ninute air-sacs, providing about
60m2 ares of absorptive cell surfaces; connecting with
nostrils via bronchioles, bronchi, trachra and nose
(successively): abundant blood flow in capillaries between
air-sac walls, pemitting exchange {(ty diffusion plus
accelerating catalysts) of waste CO2 for atmospheric 0p:
breathing process, in expanding chest, expands lung volume;
elastic contraction of lungs aids exhalatior: bronchioles
and wider ducts lined with special mucus-secreting cells
equipped with minute brush-like 'ciliae’, intended to aweep
deposited air contaminant particles upwards for expectoration
or other removal: serves, rather incidentally, as excretory
organ for gaseous or volatile blood contaminants, e.g.
alcohol, ether, argon, helium, krypton, rodon, Lungs
probably far the most important portal of entry of injurious
materials into body, in industry.

Million eleotron volts: thus, multiple of mimite energy
unit ev (g.v.).

Abnormal growth of living tissues, synonymous with canoerous
growth; involves tendency towards spread of abnommal tissue
throughout organ (slow or fast, deperding on type of malignancy)
ulceration and bleeding (due to erratic dlood vessel formation)
spread of abnormal cells via lymph drainage or blood circulation,
involvement by invasion or pressure (etec.) of adjacent .

previously-normal organs,’ . -

1y

»

—



~36- -
Appendix XI (Cont.)

Melosis " Form of cell division in sexual reproduction of organisms,
reducing rumber of chromosomes (therefore of genes) to .
half number present in normal, non-reproductive cells: daughter :
cclls of moiosls are thus prepared fox wiion with repraductive
cell of other parent, giving. zygote (or product of union)
normal double or diploid number of chromosomes, contributed
equally by both parents.

Mectabolism - Chain of events between intake (of a foodstuff, lnert or
toxic material) into a living organism, and its final ——
disposal: involves therefore factors, specific to each

" substance (metabolite), of solution, absorption,
distribution, utilisation, ooncentration, temporary or
permanent storage, detoxification and finally excretion.

Mucous membrane Lining cell-layer of a hollow part or organ of body, 6.8
nose, mouth, bronchi (etc.), bladder, gut, stomach,
uterus: so-called from presence of cells secreting mucus
(colloidal nucleoprotein): often has specific function
in absorption of materials across cell membranes into
blood capillaries: usually fair amount of cell multiplication
ocourring, to provide replacement for injured or freed ocells.

Mutation Change in type or arrangement of hercditary characteristics
borne on chromosomes by genes, lcading thenceonward to
dctectable or latent alteration in biological characteristics
of progeny: two main causes gene mutations, where gene
itself undergoos spontaneous or induced alteration, possibly
in its molecules, and chromosome mutations due to re-
orientation of chromosomes or their fragments during cell
division; regarded as raw material of evolution, in that
mutations alter characteristics of specics, cither early
or later, and thus lead to change in form, function, habits,
survival or development of species.

Negatron (Also negaton): alternative name sugacsted for clectron,
L to distinguish this from positron (positive charged electron,
Quve),
Necrosis Degencrative changes in cclls which have died, recognisable

in cell by shrinkage or swelling, nucleer deformation

or disintegretion change is cytoplasm and staining rcactions,
etc,: 1in tissuc, by gross appearances, ¢.g. chenge in
colour, clasticity, liquefaction: exemplified by slough

of decp burn, core of boil, gangrene of extremity, etc,

Neutron Nuclear particle, of unit mass but no electrical chargs;
producible by «-irradiation of Be, Bo, Li, N, F, Mg, Na, Al;
best yleld from Ra-Be or Po-Be or Rn-Be sources («, N
reaction); also producible by irradiation of Be, Li or
deuterium with deuterons (hydrogen nuclei) e.g. Bed (d, n)
B10: also by proton on .c.g. Li (Li7 (p,n) Be%): also by
photonuclear rcaction (Y,n), using y-rays of Na2k (etc.) on |
Be or deuterium: also cmitted spontaneously by certain
heavy isotopes, e.g. of uranium: also emitted as rompt
and delayed sparc noutrons in fission of U235, Pu2§9, U233,
e.g. in nuclear reactor (pile). Produce but little primary
jonisation along path (ca., 1 ion-pair/m in air), but
dotection and meesurcment aided by secondary partiocle )
emissions aftor reaction with (mainly) light atoms in path,
e.g. C, H, 0, B, Li, N; these rcactions produoe in speoific
cases, elther «, B, proton or y-photon, detectable by
orthodox mcthods: certain elements (In, Rh) absorb noutrons
of limited oncrgios with (n, ¥) reaction and formation of
measurable emounts of P-isotope of elcment, Slowed down
by clastic ("billiard ball') collisions, especially with
1ight atoms, initial cnergy of neutron transferred, amd .
neutron slowed down (moderated) to thermal energies, i.e.
about same as encrgics of surrounding atoms, whioh are.

/tomporature 1 12
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temperature (thermal)-dependent, about .025 eV at normal . &

temperatures. glowed-down neutrona able to enter any
atom mucleus; apt to undergo tcapture', addin% mass

?equivalent to energy) but no chargeéjg3g. ?%g 38 - y239 _
L] ' i

which by p-decay glves rise to 94Pu thermal"
neutrons intermediate in cnergy and velocity between

thermal n. and fast n. Biologically, energy is transferred
to cell constituents in proportion to neutron energy;

thus fast neutrons more hazardous in equal flux (arbitrarily
expressed in n/cm?/seo); Trelative biological efficienoy
varies with energy, from sbout half that of «'s (for fast
n,) to about a quarter of that of «'s (thermal n.).

Minute particle, about 1/200 mass of clectron, hypothetically
emitted during p-decay; neutron liberates B- and also
neutrino in p-decay, lcaving +vc proton in nucleus: .
postulated to obtain balance of energy equation in process;
not yet demonstrated to exist, but assumptlon firm.

1. TIn cell, dense spccialiscd mass of protoplasm, esscntial
to 1life of cell, initiating ccll-divisions and (oy assumption)
integrating all cellular activitics; dcmonstrable by
staining recactions of special constituents; varics in size
from minor to major fraction of entire cell volume,

2. In atom, composite lattice struoturc of neutrons and
protons, bound together by cohesive forces, surrounded by
fields of force in which the atom's orbital elcctrons
circulate; radius 10-12 - 10-13 cm.

Inclusive term for nuolcar particles (neutrons and protons).

Proposcd cxpression for species of atom characterised by
composition of its nucleus, i.c¢. number of protons and
neutrons therein; almost but not gquite synonymous with
isotope; put forward (1947) to clarify intecrpretation of
isotope: not yet in popular usec,

Anatomically disorcete part of an animal or plant,
structurally and functionally a unit: examples - hcert,
lung, brain, kidney, thyroid, ctc.: but not musclec, fat,
lymphatic cells, bone, which arc types of tissue widely
spread through body, not discrcte.

A malignant (canccrous) overgrowth arising from bone, the
malignant cells retaining power to form new (but erratic)
invasive bone tissue: spontaneous ‘natural! occurrence,

as one of whole group of bonc cancers: occurred with
abnormal frequency among dial painters with heavy radium
deposition in bones: thought therecfore major hazard from
excess- fixation of radioactive elcments in bone, especially
—emittcers of long biological half-life (or more oorrectly,
effective half-1ife, Q.v.).

State of abnormal type or order of activity, function or
structure of cell, tissue or organ which is sufviciently
marked to be recognisable by investigation, and is
believed to be harmful: diseased, -in effoct.

(Photon-electron effect): ojcction of orbital electron
of atom by impact of y-photon, causing full absorption
(loss) of photon's energy, and transfer of that unused
(in ejection process) to cjected electron; major manner
of absorption of y-radiation of low energics, C.g.

.5 MeV or below, or soft{ X-rays of about same energy;

at higher energies Compton effect predominates (q.v.).

-
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Photomultiplier Electron—multiplier tube with photoelectric sensitive
tube cathode; 1light (e.g. single weak scintillation from
i particle or y-photon on fluoresoent screen, e.g. Zns,
Ce tungstate, naphthalene, etc.) falls on cathode, o
liberating some clectrons, which are greatly multiplied
by successive stages of tube, producing finally a
measurable pulse of current; %best for «'s, under
development for B and y-rays.-

Physiology Normal physiology implies smoothly integrated processes
by which living organism maintains life, functions and -
form up to the stage of senile degeneration for the
species; abnormel physiology means deviation (temporary
or permanent) from the smooth integration of normality,
due to injury, disease, or degeneration.

Positron Particlc with seme mass as electron but with unit positive
: charge; formed by interaction of very high energy rays
(e.g. cosmic or hard y) with mtter ard by certain
artificial radioisotopes: very short survival, combines
with any available negative clectron, usually within 10-9
sccond of formation, liberating finally its annihilation
rediation, of ¥y typec.

Proportional =~  Correctly, an electronic counter operating at such

counter differences of potential (between anode and cathode) that
there is.a nearly lincar relation between the output
pulsc size and the total ionisation produced in the oounter
by one charged particle: thus possible, with care, to
distinguish between diffcrent kinds and erergy levels of
incident particles, c¢r to rcgister only particles of over
a chosen sizec or encrgy: wscful in discrimination between
the components of mixad radiation.

Proton Single positive_chaxrged particle, of unit mass: thus is
hydrogen ion 1H1 (cZ. deuteron 1H2 «-particle or He mucleus
2H4), or hydrogen atonl minus one electron: oconstituent
of atomic nuclcus (nucloon) along with neutron: can undergo
'capture' (as slow neutrons) in lighter elements; producible
by ionisation of hydrcgen in discharge tube: acceleration
to high cnergies (in linear accelerator, cyclotron, or
Van der Graaff high -oltage gencrator, e.g.,) of frequent
resoarch valuec: %bYlological and penetrant properties
similar to thosc of other heavy positive particles, c.g.
deuteron and «-particle, i.e. short range, high specific
ionisation along short paths, casy 'stopping', high
relative biological efficicncy (p = 5; « = 20; Y, B, X = 1).

Radiation Radiant energy; the form in which cnergy can be transferred
from one point to another through space; emissions of
energy outwards into space or surrounding medium, from a

source,
Radiation ' Sudden distressing illness (raised temperature, loss of
sickness woll-being, loss of appetite, nausea and vomiting)

ocourring few hours after exposure of body (either whole
or a rclatively large part) to penetrant radiation:

as after radiotherapy, accidental high over-exposure:
severity proportional to radiation dose: not usually seen
unless moxre than 100 r (total body dose) has been absorbed;
of itself not fatal,
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Rediation: gyndrome (characteristic series of occurrences) of sudden, . & T
syndrome severe, possibly fatal illness cormencing within a few
(acute) nours or days (in milder cases) of total body irradiation
: by penetrant radiation, e.g. in atomic bomb casualties, - ]

accidental gross Over-oXposures, accidents in radio-
therapy: includes firstly radiation sickness of severe
and prolonged type, then progressive weakness, cessation
of blood formation, hacmorrhages (e.g. of gums, gkin, gut)
vomiting and diarrhoea, incapacitation and possibly death:

recovery possible, but. slow and uncertain; relapses due to

infection likely in later wecks.

Radioactive Chain of isotopes (radionuclides) producod serially by
serios successive « or P-decay processes in mecbers of the series;
due in effect to failure to attain stable energy levels of

mucleus until formation of last (stable) member of radioactive
series: thrce naturally occurring series are thorium,
uranium and actinium (actinouraniunq series; termed Ln,
Ln + 2, kn + 3 series respectively, where n is integer of
atomic weight of any member of series: 4n + 1 series does
not occur in nature, but now known to be artificialldy
producible neptunium series; in state of equilibrium, the
rate of disintegration of any member of series 1is paralleled
by rate of formation from parent member: thus in uranium
series, at equilibrium,tfor every curie of Ra (3.7 x 1010
dis/sec) there is a curie of all other membors of series. ~

Radiodermatitis  Inflammation of skin following over-exposurc to external
radiation: usually applied to characteristic condition
devcloping months or years aftcer causative exposure(s),
showing skin thinning, loss of hair, loss of pigment or
patchy pigmentation, loss of elasticity, loss of finger-
ridge (fingerprint) detail, patchos of visible enlarged dlood
vessels, ridged nails, tapering fingers, frequently ulcers
: of casy production by injury but very slow hcaling, often
- showing arceas of local thickening or wart formation
(papillomas) some of which (about 10; cases) develop
malignant or cancerous charecteristics (flat or squamous
cell epithelioma).

Radiotherapy Use of ionising radiation in medical trcatment to check or
cure an abnornality of tissue growth or function: involves

radiation injury to abnormal cells and inmediate neighbour
cells, but should avoid injury to normal cells as far as
pos#®ible; hence use of high energy quanta or particles,
radium, radon or other isotope inserts in affected tissue,
crossed-bean irradiation, sclective deposition of radioisotope
in tissue concerned: very high dosages need to kill cells
(2000 rep or highor).

Radiography Production of an X or y-ray photograph of an objoct (e«ge
chest, bone, nctal, etc.) to deronstrate density patterns
‘of irradiated material, and show up internal structure,
flaws, etc.: for metals, involves high~energy quante and
often prolonged exposure periods; 1in Tndustry important
method of non-destructive testing or inspection: similarly
in medicine. . g

Radioisotope Redicactive isotope of en element, differing specifically

from other nuclides of that element only by nuclear make—up,
i.e. proton/neutron (mass) muober, and radiation characteristics.

B § 1
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Arbitrary index of apparent injurability of different types
of oells, tissues or organs to similar radiation exposures:
in general, increases with frequency of cell divisions in
tissue, probably due to greater probability of ionisation
effects on dividing nucleus at most vulnerable stage;

thus higher in bone marrow, gonads, lymphnodes, mucous
membranes, germinal layer of skin, than in muscle, bone
cortex, fibrous tissues, brain and inert epidermis, in
which cell division or replacement is restricted or nil:
also higher in cancerous than normal tissues for same
reason, :

Property possessed by most radicactive substances, if in
adequate maintained concentration, of causing injury to
living cells from absorption of their emitted radiation
energy in the substance of the cell, and (probably)

the physical, chemical and metabolic sequelae of such
energy-transference; substance may therefore be radiotoxio
in concentrations far below chemotoxic levels, or chemotoxi
at concentrations below those causing injurious radiation
encrgy dosage, (e.g. uranium).

Correctly, unit of radiation energy absorption in adr:
"that quantity of X or y-radiation such that the

associated corpuscular enissions, fully absorbed in 1 cc.
of dry air at 0°C and 760 mm Hg pressure, produces, in air,
jons carrying 1 clectrostatic unit of electricity of either
sign": more simply, that amount of X or y-radiation
producing, in air, ionisation equivalent to 1 e.s.u, of
electricity: customarily used as unit of radiation intensi
or dosage; order of magnitude indicated by facts that

(1) 'gamma background' radiation at sea level anounts to
about ,0001 r/day (.OL r/year, 3 r/lifetime), (2) 1 mg Ra
(enclosed in % m thickness Pt to absorb « and B rays)
causes a dose-rate, at 1 cia distance from point source,

of 8,3 r/hour, (3) radiation amounting to 1 r/second,
absorbed fully in 1 cc air, would maintain a current of

5.3 x 10-12 amperes, (4) average X-ray dose from diagnostic
chest X-ray amounts to .2 r in volume exposed, (5) LD 50
for man, single total body exposure, is about 500 r.

The réntgen can be proven approximately equivalent to the
following: -

e.s.u. ionisation clectricity/cc. of air. ‘

x 109 ion-pairs produced/cc of air.

6 x 10%2 ion-pairs produced/gram of air or wet tissue
ion-pairs produced/cubic micron of wet tissuec.

.7 x 104 MeV energy absorbed/cc. of air. :
5.2 x 107 MeV onergy absorbed/gm., of air or wet tissue.
52 eV energy absorbed/cubic micron of tissuc.

83, ergs emergy ebsorbed/gm of air.

93 ergs energy absorbed/gm of wet tissue.

1
2
1.
2
5

Hence millir#ntgen (one thousandth rtntgen, mr) ard
rim (r8ntgen/hour/l metre distance).’

"R8ntgen~equivalent-physical": " "that amount of any
jonising radiation which produces energy absorption of
83 ergs/oc. of tissue is 1 rep": required as extension
of r8ntgen unit (defined for X ard Y rodiation) to «, B
or other ionising radiations: there is a slight discrepa
in that 1 rep is equivalent to 1 r (X and Y) on the basis
of energy absorption in-air, but (due to effects of
tissue composition on absorption) 1 r is equivalent to
absorption of 93 ergs/gm of tissue, which 13\95/85 orj"
rep: in practice this discrepancy is usually ignored; -

proctical advantages in adopting rep as’ standard unift

with complete equivalence to r¢ntgen, even for tissw o

synonymous with equivalent-roentgen, tissue roentges | i

roentgen equivalent, 1,1 h
. B S ‘L\__ j‘
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(RBE): comparative index of injury-producing power of

-different radiations when administered in similar
‘physical dosages to standardised blological test-medium:

order of accuracy probably low, due to intrinsic difficulty
in measurements throughout such work: most recent values
give RBE's as follow:- X, Y, B a1l (unity), «-rays = 20
(from 4-4O), fast neutrons = 10, thermal neutrons (in
effect, protons) 5: differences in RBE, in spite of
physically-equivalent dosage and energy absorption/unit mess,
probably related to specific ionisation of different
radiations in tissue, i.e, density of iron-pair production/
unit length, e.g. micron of track, since there is probably
an ion density threshold for tissue above which adverse
effeot becomes much more likely; RBE determined by large
mumbers of direct experiments on animal and plant tissues.

"Roentgen-equivalent-man", originally "roentgen-equivalent-
biological®; "that dose of any ionising radiation which,
delivered to man or mammal, is biologically equivalent to the
dose of 1 roentgen of X or y-radiation" : biological-
equlvalence implies equal injury-producing power, thus

1 rep of «-radiation, of RBE 20, is equal to 20 rem; 1 rep
fast neutrons (RBE 10) is 10 rem of fast neutrons, etc.:

unit used to certaln extent in U,S.A. but rarely in this
country. .

Cancer originating in cells of connective tissues, e.g.
bone, ruscle, fibrous tissue, cartilage: example, causable
by radioactive substances, is osteogenic sarcoma (q.v.).

Disintegration-counting device, originally comprising screen
coated with compound emitting visible light photon when

hit by particle, with light-flash detecting, amplifying and
counting circuits: first used as 'spinthariscope!': still
?idel{ used now in conjunction with photomultiplier tube

q. V. L[]

Electronic circuit serving to record an elected fixed
proportion of pulses fed into tho circuit from e.g. a
Geiger-Muller tube, especially where counting or
disintegration-rate of sample is very high: scales vary
from e.g. 1 in 10 upwards; most have choice of scale:
needed since mechanical register for count-recording is
linited to 50 counts/sbcond or less, if loss of counts is
to be avoided,

Inert radiation absorbent material inserted betwcen source

of radiation and that which requires protection from other-
wise high radiation dose-rate: type and thickness of
material to be used depends upon absorption coefficient

for particular type and energy of radiation, reduction
factor required for dose-rate before and behind shield,
mobility required, costs, and availability:for highly
penctrant X and v rays, lead, iron, concrete, barium plaster,
bricks, aluminium, water are most generally useful (given

in order of decreasing absorptive power): for neutrons,

light clements must be provided, e.g. as in hydrocarbon waxes,'
. paraffing, water: for B-rays even of fairly high energy,

few millimetres of glass, lucite (plastic), aluminium,
metal foil or sheet, will usually serve: for «rays, full
absorption occurs in almost any everyday material (paper,
textiles, clothing, foils), even in very thin layers:

major problems of shielding may be scattered radiation,
induced radioactivity in material of shield, radiation-
induced loss of texture, tranaparency (e.g. in ordinary or
leed glass), flaws in.density or- struoture, gaps for doors,
controls or panels, and nisuse._ )
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Quter covering of mamalian body: three important layers
(1) epidermis (stratum corneum), dead, flattened cell-layer,
mainly protective in function, thickness varying from

20 to 1200 microns in different parts of body: (2) germinal

" layer, underlying inert epidermis; cells in active divisien,

forming outer layers, hair follicles, sweat and sebaceous
glands: (3) dermis, supportive layer of clastic fibres
carrying blood vessels, nerve endings, fat cells: critical
cells, as regards radiation danage, are germinal cells,

‘since over-irradiation nay induze in them malignant overgrowth,

Index of radioactivity of an elenent or substance, i.e.
disintegrations/unit tine/gn: dir¢ctly proportional to
decay rate, inversely proportional to half-life or mass
per curie, Also, in tracer vwork, ratio of number of atoms
of a radioisotope to total number of atoms of same elenent
present in sample, '

Number of ion-pairs formed Per unit length of track of
ionising radiation; usually ion-pairs formed/micron of
bPath in tissue: probably most vital facior in quantitative
aspects of cell or tissue injury: not confined to tracks
in tissue, but also can refer %5 liucks in other media,
€.g. air: for the same radiation. specific ionisation is
inversely proportional to energy, “.e. less energetic
particles cause more lonisations/micron in their (shorter)
Paths than do higher encrgy particles in their own (longer)
paths: -

Approximate speciric fonisation in tissue,

B-rays oltd MeV 12 ion-pairs/micron
1.0 lov 8 "o
X-rays 30 - 180 Kv 100 "
1.0 Mev 15 "
Y-rays 2,0 Mev 11 "
<=rays < 5.0 KMeV 6000-8200 "
5.3 Mev 4500 "
5.5 Mev 3700 g

Jiighly cellular organ in abdome-- Tonetions include mainly
blood cell formation and mainteizice of blood nonnality:
not in fact an essential organ or cody (is removed for some
conditions), bus may well have sp~-ial imnortance in
connection with resistancs to intawy from Penetrating
radiation,

A particle accelerating device involving tre principles

of both betatron and cyclotron: electrons a-e projected
into the orbit from a tungsten electron gun and accelerated
in the betatron-type clectromagnetic field: when peak
betatron type acceleration is reached, cyciotron type
acceleration continues, by apniichsi-n of a radiofrequency
voltage to the 'dees'; pro%crs -, also teen thus
accelerated; 8synchrocyclotron is - further modification
intended to prov.de great:r accelevation, beyond the limits
of the synchrotron's periormance.

Physical theory attempting to explain rationally some of

the quantitative biological aspects of irradiation of single
celled organisms, viruses, possibly genes and chromosomes:
postulates hypothetical vital target, of calculable
dimensions, present in a cell, which, if 'hit' by an
ionisation, is destroyed, and with it, the entire cell:

may well anply to cortain responses in minute organisms

and genes, but not easily applicable to multicellular

tlssues or organisms: forms one of the many theories-

which have been held on the mode of action of radiation 118
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on living systems: does cover fairly well all effects in which
a linear relationship exists between energy absorption and %
organisms killed or affected, but does not cover more
characteristic non-linear responses (threshold responses) in
higher organisms or systems,

Yet another theory on mode of action of radiation on
biological systems: postulates (1) production of free
hydrogen and hydroxyl radicles (H, OH) in water of cell proto-
plasm, by several related possible reactions between H-ions
and water molecules, (2) inactivation of vital enzyme-
controlled processes of cell by toxic action of these H and
OH radicles: considerable experimental evidence in favour

of both occurrences: serves to explain many typical
1threshold! responses of cells and tissues to radiation;
brings lonising radiations! effects into line with existing

‘opinions on mode of action of other toxic chemicals and

agents: combined with target theory, provides reasonable
vasis for assumptions on mode of action on most systems,
if used with some imagination,

Electromagnetic quanta (photons) emitted in wave form when
a stream of fast electrons hits the target anode in an
X-ray tube: characteristics as for y-rays, but of longer
wavelength, therefore less energy and less powers of
penetration: by increase of operating potential can however
be dbrought up to energy and down to wavclength of y-photons,
therefore (under those conditions) identical with y-rays:
oceur in cersain nuclear reactions in radioactive isotopes,
but otherwise entirely man-made.
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7‘ FALL OUT OF CONTAMINATION FROM THE MONTE-BELIO EXPLOSION:

CRITERIA FOR SAFE FIRING

PART I. THE }MAIN ISSUES

The atomic bomb which is to be exploded in the Monte-Bello Islands
will be on a 1000~ton ship, in water of depth about 4O ft. The bomb will be
slightly more powerful than the "nominal® bomb of 20 kiloton TNT equivalent.

The chief items for scientific test are

(a) the proper functioning of the weapon
(b) the contamination, blast and heat effects of the weapon.

A prime consideration governing the cohduct of the trial is the necessity
of avoiéing risks to the health of people and animals on the lainland and of
personnel taking part in the trial, due to radioactivity.

In order to get photozraphic records of the explosion, the preferred

choice for the time o' day at which the bouwb will be detonated is

7 aeme = 9 2om. Duriné this two.hpur period, haze and shimmer are leasi;, and

excellent photographs can bé taken,

The men nearest to the bomb at the moment of; explosion will be the
scientists at lain Base, about five miles south of the bomb., The rest of the
Expedition will be several miles to the south of iiain Base, the exact position
depending on the winds and tides. The duty of the party at liain Base is to
control the firing o the bomb and to make certain photographic and electronic
measurements on the exploding bomb. A boat perty, and an unmanned spare boat,
will be standing-by, ready to evacuate the party and their records within
half an hour of the explosion, back to one of the ships.

Radioactive contamination could be carried to lain Base either by winds
or by water. Accordingly, the bomb will only be e;cploaed if the winds are
directed such that no significant radioactive spray or dusg:l‘): deposited on
Main Base; and similarly, the bomb will only be exploded when the movement of
water within half a mile of the target vessel is such that none of it can flow
to within two miles of ain Base within two hours. s

The winds and movements of water in the lonte-Bello Islands are such that

iﬁ
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on most days in October the safety of the scientists at Main Base can be

b}
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‘f ."mranteed, and the Base itselfl after the scientists have been evacuated,

will not become contaminated. The landing-point for Main Base might become
contaminated from the sea water running past, a day or two after the explosion.
The safety of the rest of the Expedition during the two hours after the
explosion requires no further consideration, since the ships are to be
several miles further up-wind than Main Base.
7ithin an hour of the bomb exploding, the ships of the Expedition, led
by the Health Monitoring Ship (R.iLs. TRACKER), will slowly proceed back
towards the islands. A continuous check will be made on air and water samples

for contamination. No risks will be taken, The ships may have to enchor two

or three miles south of iain 3ase anc it may be necessary to wait a week or so
before all instruments can be collected from the land near the explosion, Every
movement of ships and personnel will be made under strict control of the

Radiation Safety Officer. No purely Rritish force has yet conducted an

oéeration of tnis type; but United States Forces have done it successfully
several times without exposing anybody to radiological damage, and nothing
insuperable is foreseen in Operation ﬁurricane. - '
| Turning now to the requirements on weather conditions at the Islends,
in order to be sure that the health of no person or animsl on the Lainland
will be affected by radioactive material from the bomb, the following
considerations apply. The explosion is intermediate in type to the underwater
2ikini explosion and a ground burst explosion. .Tens of thousands of tons of
sea water and bottom sand will be thrown upwards through the fire-ball, but
this material will not go higher than 5000 ft., except for a small fraction
subsequently dragged up by the rising mushroom cloud. The water and sand will
fell back, and will prObg.bly make a base surge. Beczuse the air at the Islands
is fairly dry, the residual.mist will quickly éry out, leaving a few per cent.
of the total radiocactivity on salt crystels e.fxd dust, suspended in the air.
Within half a minute of detonation the mushroom cloud will begin to rise
through the "chimney" inside the water column (see Part II)}; and after ten minute:
the cloud will be at about 25,000 ft. The diameter will be about 4 miles and
the depth about 1 mile. This cloud will contain approximately 40 per cent. of
the total radiocactivity of the bomb, A substantial part of the radicactivity

will be contained in small spherical particles, mainly iron oxide, of diw&r

2.
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. 0 mi nse 2
1ess than 2 crons 1ess than 20 microns.

In order to estimate the maximum possible contamination on the Mainland it is

: n&’assumed that the wind conditions are chosen to give the worst possible

to the Mainland. Iiaking the pessimistic assumptions that all the radioactivity in

CanarbOns , namely when the winds at all levels are blowing direct from the Islands '
the cloud is carried on larger particles, with radioactivity proportional to the

area of the particle, and that the largest particles are just large enough to settle

to the ground by the time they first reach the lainland, (3 hours after the : 1 )
explosion), the estimated maximun contamination on the hainland is still only ]
of the dose which is cautiously estimated as possibly producing

mild sickness. In order to meet the categorical assurances which we have given .
that the health of men and animals on the rainlang will not be affected, further
elements of safety are introduced in the actual specification of acceptable wind
conditions at the time of firing, and for the subsequent ten hours. The winds
must be such that
(1) Any particle of size greater than 75 microns in diameter (density 2.25),
released at any height up to 30,000 ft. over the Islands at the time of the
explosion, will fall into the sea not nearer than 5 miles from the coast of
the Mainland. - | -'

(2) No air ‘up to 5000 ft. over the Islands at the time of the explosion will be
carried over the Mainland within ten hours.

The safety of the ships and personnel of the Expedition imposes a third
criterion on wind conditions at the time of firing | '

(3} Yo particles, of any size, released from any height up to 30,000 ft. over
the Islands at the time of the explosion, must fall either

(a) on the ships of the expedition within ten hours

(b} on kain Base (H.1) within two hours.

The first of these conditions guarantees that nothing from the explosion can
fall on the Kainland sooner than eight to ten hours after the explosion. The
second condition ensures that no contamination, carried on dust or salt crystals
remaining from the "crater material®, is carried over the Mainland sooner than ten
hours after the explosion. The third condition ensures the safety of the
Expedition itself.

Provided conditions (1) and (2) are met, any radioactivity falling on the
Mainland will be so thinly spread that there is categorically no possibility of
the health of any person or animal being affected. 127

It is pertinent now to enquire how many days, at times between 7 a.m. and 9 a.m.,



e, : .‘aaioactive air-borne particles. The scientist-in-charge will agree with the’

officer-in-charge what the course for each aircraft is to be, and the scientists
in the planes will make continuous readings of the level of gama activity.

gix aircraft have been assigned to the group responsible for tracking the cloud
and collecting ajr-samples, and they will fly in relays.

At the Air-stati.on where the cloud-tracking aircraft are based will be two
further aircraft, fully equipped with continuously recording counting apparatus
adapted from .equipment used for aerial surveys for uré.nium. Each plane will
carry one scientisf. The sircraft will fly very close to the ground up and down
the coast, in order to obtain for the Technical Director the evidence on which
he can officially jnform the Australian authorities that actual measurements
have confirmed that no hazards to the health of men or animals exist on the

Meinland.
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23 PART II.  CONTAMINATION DUE TO FALL-OUT FROM
‘: ATOMIC BOMB EXPLOSIONS.

Part II sumarises what is known about the fall-out from atomic bomb
explbsions in varying circumstances, and gives special consideration

to the Monte-Bello explosion,

An Air Burst Bomb.

Fhen an atomic bomb explodés, the material of the bomb is vapourised.
If the explosion is some hundreds of feet or wore above the ground, the bomb
vapour is contained in the "ball of fire". The ball of fire, which consists
mainly of air, rapidly cools, because the heat escapes as radiation; eand, in
s few seconds, the temperature has fallen sufficiently for the bomb material
to begin recondensing. The density éf‘ the condensing vagour, however, is
very small, because the bomb material has been dispersed through a volume
nearly the full size of the ball of fire. Consequently, the ‘condensation
process leads to a vast nunber of minute particles. ’ihese-particles are
usually at first liquid, and therefore have a spherical shape which is
retained as the falling temperature changes them into solid form. The diameter
of the particles varies much less than mizht have been expected. TFew particles
* are less than 1 micron¥* in diameter; and few are larger than 20 microns.
Although the red-hot appearance of the fire-ball soon disappears, the
air in the fire-ball retains a considjerable amount of heat 1§ng af'ter the
lwminosity has gone, This large ball of ho% air may be regurded &s a
gigantic hot-air balloon, whose lifting power, or buoyancj, rapidly takes
it upward. Unlike a reel balloon, there is no fabric to prevent the gas
inside mixing with the air outside. Consequently, the rising ball of hot
air leaves some of its outer parts behind, mixed with cold air. This

mixture contains some of the re-condensed bomb particles.

X me Wpicron” is the standard scientific unit of length
for small particles. It is one millionth part of a metre, 129

or 10-4 centimetres.
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’ The rise of the ball of hot air causes strong air currents. As the
ball begins to rise, a "fire-wind" can be observed at ground level. Air
rushes inwards from all directions, and the air currents, meeting at the

centre, turn upwards, following the rising ball of hot air. The fire-wind

carries with it great numbers of dust perticles, some of which have been

formed from the re-condensation of vapour frou the surface layer of the
soil, boiled by the heat of the fire-ball. The dark aprearance of the lower
perts of the "colunn" or "stem” in the typical photograph of an atomic
explosion over land is due to dust and particles of re-condensed soil
gathered by the fire-wind, and carried upwards in the currents following

the rising hot air cloud. The upper part of the "stem" is less dark, and

is mainly the wake of the cooling fire-ball cloud.

The initial 1lifting power, or buoyancy, of the ball of hot air produced
by the explosion is great, and is of the order 300,000 tons for the nominal
20 kiloton atomic bomb.

As the ball of hot air rises hizher and higher, cooling by radiation
and adisbatic expansion occurs, and a zreat deal of mixing of the outer layers
with cold air tekes place. A height is eventuelly reached, usually in the
stratosphere, some 30,000 - 50,000 ft. above sea level, where the density is
the same as that of the surrounding air. The mass of air which has been
carried up into the stratosphere contains water vapour, and this vepour
condenses into a fog or mist of ice Zroplets, thus revesling the size of
volume or cloud inside which is to be found most of the zir vhich was near
to the bomb when it exploded. The air inside this cloud is at first very
turbulent, and due to the turbulence, the apparent size of the cloud increases
for several minutes. Gradually the turbulence decreases, end thereafter, the
cloud disperses much more slowly due to wmore normal meteorolozical processes.
The horizontal diameter of the mushroom cloud after ten nminutes for the
nominal 20 kiloton bomb is about 4 miles, and the depth or thickness is about
one mile to one and a half miles. The width of the stem varies with the
"austiness® of the soil and with the wind conditions; the width after ten

minutes varies between 3 mile and one wile. - 130
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‘ & . ‘ The particles formed by the re-condensing atomic bomb material in the
case of a bomb exploding several hundred feet above the ground are therefore
almost all carried up into the stratosphere within a few minutes from the
explosion. The only exceptions are those particles which are contained in air
that is torn off the rising ball of hot air. These particles are left in the
stem of the mushroom, and some of them collide with :much larger dus:t particles
and stick to them.

All of the air-borne particles thrown up or created as the result of the
explosion at once begin to -sediment towards the ground. The rate of fall is
fairly fast for large particles but very slow for fine particles. The rate
of fall of a solid particle of density 25 zm./c.c. and diemeter D is shown by

the following Table,

Teble I

Terminal Velocity of Spherical Particle Density 25 gm./c.c.

Dizmeter D Rate of Fall Up Diameter D Rate of Fall Up
microns Ft. per sec, microns 7t. per sec.

5 0.00551 150 3453

10 0.0220 200 5¢45

20 0.0878 250 7.36

30 0.198 300 9.09
L0 0.353 500 15.5
50 0.530 750 23.1
100 1.81 1000 30.2

As stated above, the particles of bomb-debris from an air-burst bomb
have diameters between 1 and 20 microns. Even the largest particles take
about a day to fall from the mushroom cloud to the ground. The smallest
remain air-borne for weeks or even months.

A very small proportion of the particles o bob debris, as also
explained above, are left in the stem, a-nd a few of these may stick to a
much larger dust particle. The dust particles are usually large enough to
£all to the ground again in a few minutes. Contamination of the ground will
thefefore result. The contamination will be found mainly on the ground 4’! !{ 1
directly beneath the bomb due both to fall-out and induced radioactivity ‘

but there will also be some fall-out contamination in a band downwind of
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ﬂ : "initial width nearly one mile. The width of the band increases steadily

with the distance from the explosion, and the intensity of contamination

falls.

Careful surveys Were made in Hiroshima'and fagasaki, three to four
weeks after the atomic bomb explosions, to distances extending 10 miles
from the centres, with the object of plotting the radioactivity deposited

on or induced in the ground. It was concluded that 0.025 per cent. of the

radicactive materials of the exploded bombs settled on the ground within
half-mile circles below the bombs, and that possibly equal amounts settled
in a strip of width one mile extending downwind for five miles. DBven the
most sensitive instruments could not detect anything above background
three weeics after the explosion except in the ¥ mile circles and the
1 mile x 5 mile downmving strips. The noxinum contamination corresponded
with a gamma dose rate one hour after the exdlosions of approximately

3 r per hour in Hiroshinz

15 r zer hour in Fagasaxi.

It has been claimed several times by United States authorities that
extensive medical tests made in the period 1 month - 1 year after the
explosions on people who went into the central ; mile contaminated circles
shortly after the explosion, and stayed there for several weeks, showed that
no harm was done to them by radio-activity. This evidence, although useful
and probably correct, cannot be regarded as completely reliable, especially
as regards lonz-tern injury to the persons concerned, oOr to their progeny.

To sum up, it may be said that an atomic weapon burst sufficiently high
in the air to prevent the ball of fire touching the ground deposits some
contamination cn the ground in a circle of helf a mile radius, and in é band
downwind to a distance of 3 - 10 miles, depending on the wind speed; but all
areas are almost certainly completely safe again for permanent occupation a
few days after the explosion., Absolute certainty of complete safety, however,
can only be achieved as the result of a careful scientific survey which gives
satisfactory results. Instruments for surveys of.this type are obviously a

necessary part of the peraphernalia of civil defence in atomic war. 1 ‘)2




@ _ Bomb MNear or On the Ground

f The fire-ball from the nominal 20 kiloton bomb exploding in air reaches
gbout 300 yards in radius. If the nominal bomb is nearer than 300 yards to

the ground when it explodes, the fire-ball touches the ground and the ground

is heavily contaminated. The facts, as far as they are known in the United
Kingdom, indicate that the nominal bomb exploding 300 yerds above the ground
deposits about 0.2 per cent., of the fission products and unexploded fissile
paterial in the melted surface of thé soil inside a circle of radius 400 yards,
while a bomb exploded 100 ft. above the ground deposits about 1 per cent. in the
same circle. The degree of contamination outside the 400 yard circle, either

in the irmediate vicinity or at distances 10-20 miles downwind, varies
enorzously with the soil conditions, especially with the soil conditions over
the central circle of radius 100-200 yards. W#hen’a test eiplosion of an atomic
bomb on a tower is beinz staged, the surface of the soil over the central 100
yards should be "stabilized". This procedure greatly reduces the amount of dust
thrown-into the air, and also greatly reduces the contauination, especially in
the first few miles downwind.

The nominal bomb exploded on or just above the round (up to 500 f£t.), will
vapourise approximately 100 tons of ground. The bomb products end the vapourise
ground re-condense within 5 seconds into particles of dismeter between 1 and
20 ricrons. hile the particles are being formed, and for the next minute or
so, hundreds, or even thousands, of tons of soil are oprojected through the
fire-ball. fhether this vast guantity of soil breaks up into its individual
perticles or not depends on the nature of the soil. A ¢éry sandy or yolcanic
soil would probably break up into its individual pérticles; a wet clay would
not.

Consider first the case of a dry dusty soil. Within a few seconds of the
explosion of the bomb, there are approximately 100 tons of 1-20 micron particles
in the fire-ball, and approximately 1000 tonms of soil, broken up into individual
particles, either in or above the fire-ball. The updraft of the fire-ball sweep
nearly everything up to 30,000 ft., except for the spill-off at the edges of
the rising cloud, revealed by the stem. The individual particles of soil will

have a range of sizes, but as a rule, there will be practically nothing smaller

than 100 microns diameter and nothing larger than 1000 microns diameterl 33



"The 100 micron particles fall at 2 ft./sec., and the 1000 micron particles

£a1l at 30-40 ft. per second. Lost of the soil throwm up into the air by the
pomb therefore returns to the ground within an hour of the explosion; and
pfobably 99.9 per cent. of the soil, not vapourised but thrown up by the
explosion, reaches the ground again within 4 hours. If the bomb explodes on
the grouni, reasonable assumptions for estimating ground contamination are that

20 per cent. of the bomb debris becomes attached to these soil particles, and

all the perticles return back to earth again within L hours. If the bomb explodes

so that the fire-ball just touches the ground, the assumptions may be made that
5 per cent. of the bomb debris becomes attached to.soil particles and these
particles fali-out,in four-hours.

Kost of the bomb debris is to be found in the mushroom cloud in the
particles of 1-20 microns diameter, formed as the vapourised soil re-condenses.

The larger particles fall back to earth in a day or two; but the smallest
remain hizh up in the air for weeks.

Cbnsider now an explosion on or near the zrounZ, when the ground is clay
or rock. The main difference from the case of dusty soil considered above is
that the soil th:own w by ths force ¢’ the explosion will rot readily break up
into its indiviéual particles. Thus the 100 tons of "fines" will still be

formed, but the 1000 tons of soil throwm up into and throuzh the fire-ball will

not produce a zreat fust stem. Xost ol the s0il in this 1000 tons will fall back

to earth agair in a few minutes. Some dust, of course, wrill be formed, and this

dust will fall out in a few hours, but the "fines", carrying at least 90 per cent.

of the bomb debris, will remein air-borne for days or even weeks.

Thus, an explosion near or on the ground, on clay or rocik, will cause
about the same contamination within about one mile of the explosion as a similar
explosion on dry dusty fine soil; but the contamination at distances 1 mile -

20 miles dowmrind will be at least one order of magnitude less.

Bomb Below the Ground.

The descrivtion given above of the fall-out from the dust cloud formed

by an atomic bomb exploding on the ground applies with little modification %o

i1y

a bomb exploding in the ground below ground level. 4 nominal bomb would
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f-'"’“ f‘vapourise several thousand tons of scil, and project tens of thousands of tons
of soil upwards and slightly outwards Zrom the centre. If the bomb were
within 10 ft. of the surface, in dry dusty soil, a substantial part of
the bomb debris would be contained in re-condensed “fines". It would be
reasonable to suppose thAt one half of the radiocactive material would be
taken up into the mushroom cloud as "fines" and the other half condensed
as soil particles laréely to be found in the stem. If the soil were clay,
there would be more "fines" and less dust. ost of the clay throwm up would
fall back to earth again without being br<->ken up into the individual
particles.

" If the nominal bomb were exploded 50 ft. or more below ground in dry
dusty soil, a heavily dust-laden mushroom cloud and stem woulé form. As far
as is known in the United “in;dom, an assumption which roughly agrees with
the facts is.that,20 per cent. of the radiocactivity is carried on "fines"
remainin g .a.ir-"oomé for a .v;'ee’::, wfxile the remainaér is .carriecvl or; the
individual soil particles. The pattern 6f‘ the fall-out caﬁ be guessed
approximately by assuming that 20 ner cent. of the activity is carried on
dust particles in the stem and 50 ner cent. on dusf particles in the mushroom
cloud. The distribution of particle sizes is that of the soil.

A nominal bomb exploding at 50 £t. depth would zive an air-blast sbout
equal to that of 5000 tons of TNT exploding. The liftin:; power of the ball
of hot air produced by this explosion is about 70,000 tons. The explosion
throws aprroximately 100,000 tons of soil into the air. Thus the lifting
power of the explosion is not enough to carry the soil upwards. Provided
the soil is dry and dusty, and therefore. sevarates into indéivicdual particles
when flung into the air, time dust cloud thrown into the air will settle again
and form a Base Surge. ‘hen this happens, three-quarters of the radioactivity
of the bomb products collapses in a dust cloud which rapidly spreads over the
ground. The remaining one-quarter remains mainly as "fines" in the mushroom

cloud, at height 6000-10000 ft.

e
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Sxvlosions On or In Jater

There are a great many variations in péints of detail for exvlosions on
or—in water; and although it is possible to make reasonable predictions about
any particular case which is closely defined, it is not possible here to do more
than sketch the factors that have to be taken into account. The results which
are obtained from the lonte-Bello trial will add greatly to our knowledge.

The water may be fresh (e.z. river, reservoir) or salt (sea). The water
may be deep, or it may be shallow., If the water is shellow (say less than
100 ft. if the bomb is near the surface, and less than 200 ft. if the bomb is
at least 100 ft. down) the nature of the bottom, especially the particle size,
is important,

The only experiment so far made was that o a nearly "nominal® bomb, the
second bomb, at Bikini. The bomb was exslodsd feirly well down in 200 ft. of
water. ;about 150,000 tons of water and also a few thcusand tons of calcareous
sand were throm in the air. The maximuwn heizht to which the water column
rose was 5050 ft. The air tlast was about equal to that of 50C0 tons of 7,
enc¢ the lifting power of the hot-air ball was about 30,000 tons. The "water®
throwvn up was throim in such a way that it zathered into 2 curtein of syray only
a hundred feet thick, of radius 1020 £t, znd of hei ht 000 £t. The hot eir ball,
conteining a lot of steam and possibly 10 psr cent. of the radioactivity, rose
up the "chimney" inside this curtzin of water srray, and emer ed from the top
and billowed out into the cauliflower cloug. lleanwhile, the cylindrical curtain
of water spray bezan to collarse b.ciz on 4o the seu nracvically as if it were a
sinzle dense zas. The ini%i:zl sizc of the water crozs in the ssray ':ust have
ranged from a few microns dismeter up to larze drons.

Mathematical argumenis show that if the air is humi? as at Pigini, most
of the water and salt collects into large drops and falls on to the sea again
within ten minutes. If the air is relatively dry, by no means all the water
and salt will azgregate into larze crops and fall on to the sea. The last
25 per cent. of the water will everorate, leavin; salt crystals, containing
radioactivity from the bomb, of diameters 10-200 microns. . 136

The depth of water in the llonte Bello trial will be about 35-40 f£t., and

the bomb will be exrloded a few feet lower than the water surface, The air

blast will be approximately the same as that of 12-15 xilotons TKT exploded




on the ground. About 30,000 tons of water, and possibly an equal amount of
iuttom sand will be thrown into the air, in a cylindrical curtain or sheath as
at Bikini, 5000 ft. high, 1000 ft. outer radius and one hundred feet thick.
The hot air ball will have a buoyancy of nearly 200,000 tons. Most of the
puoyancy will be located inside the water and sand curtain, but some will be

found outside. The position is thercfore extremely complicated. The hot air

pall inside the water curtain will rise razidly, the water curtain itself will
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fall, and the hot air near the sea just outside the water curtain will rise. f
A small base surge is expected, but the main feature within a few minutes will
be a fully developed mushroom cloud and stem,

The water first throwm up by the explosion rnioves upwards and outwards, with
velocity of the order 10,000 £t. per se¢cond. The rising water begins to quench
vart of the fire-ball and a great deal of steam is vroduced, but the rest of the
fire-ball is unaffected and remains luminous. The shape of the residual fire-ball
is strange - an inverted conical region with a cross section something like the
Irince of lales' rlume. However,~the luminosity of this residual fire-ball will
not be apparent to observers at :sround level beczuse it will become -hidden by
the rising curtain of water, which is at the same time guenching part of the
fire-ball, All luminosity will be hidden from observers at zround level within
approximately one quarter of a second.

The rising curtain of water, un’ later on, of .ater zn¢ tottou sand,
gracually develops to its full size, anZ provaibly contalns at least half of the
total radiocactivity. Iost o. the water and sané in the curtzin falls back into
the sea, probably as a base surze. The residual Maist" will cry out, leaving
some radioactivity in small salt crystals or cust, ranging in size from
10 microns up to possibly 200 microns.

That part o the fire-ball not swept by the rising water contains iron
and bomb vapour which re-condenses into fine particles. The fire-ball rises up
through the central chimney of the water curtain, and in doing so creates

turbulence and turbulent mixing. iwhen it emerge-s from the top of the "chimney",

1t will increase in width, and almost at once look like the normal rising 137

*atomic" cloud. By the time the cloud reaches its maximum height of about
25,000 ft., it will have a considerable diameter and depth (4 miles x 1% miles,

Judging from Bikini and other U.S. experiments). The radiocactivity will be found



&""‘n) .f’.n a wide range of particle sizes. An appreciable part of the actilvity will
be contained in particles of re-condensed steel, of diameters 1-20 micronms,
but there will also be a lot of radioactivity caught on salt crystals, on
pulverised calcareous sand varticles, on ice crystals, etc. These particles
will probably range up to three hunéred nmicrons diameter or more.

Swmarising, a reasonable prediction for conditions ten minutes after
the explosion is that there will be a large rushroom cloud 4 wiles diémeter
and 1 mile deep, at a height of about 25,000 ft.; a stem, about % mile
diameter; and a misty cloud, rapidly érying out, about 1000 ft. high and
one nile radius. Approximately 40 ver cent., of the radiocactivity will be
in the mushroom cloud, 2 or 3 per cent, in the stem mostly on large particles,

5-10 per cent. in the low drying mist, and the rest in the sea or on the land.
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Cy ART III  CRITERTA FOR ACCEPTABLE WIND CONDITICNS
SEN . ) b2
' AT TIME OF FIRING

Part III considers the fall out from the mushroom cloud and from the stem

with relation to contamination of the Mainland, assuming the worst possible

wind conditions, Guided by the numerical results obtained and by the principles
“of the mathematicai argmhents s stringent criteria are postulated for deciding i
whether wind conditions are suitable or not for exploding the bomb.
‘The essential points in the mathematical arguments are
(a) The mushroom cloud starts at about 4 miles diameter (Bikini measurements)
(v) rI.“he mushroom cloud contains about 40 per cent. of the radiocactivity due
to the bomb. Some, possibly as much as one half, of the radiocactivity is
contained in very small particles of re-condensed ship and bomb. These
varticles will be at wost 20 microns diameter, and even the largest will
not settle for two or three days. 7'We can i_nore the deposition of
contamination from these particles. _The rest of the activity will be
in thé same ‘type of particle,’ atﬁa'.ched.to mucﬁ larger éérﬁcles ;)f salt,
sand, ice, etc. Because the particle size distribution is.not knowm,
certain ressimistic assumptions have to be made, namely that the whole of
the radiocactivity is conta.:;med on these larger particles, and that the
fall-out only starts and is worst at the nearest point on the liainland.
(c} Not more than 5 per cent. of the radioactivity is left in the stem above
5000 ft. of initial width at least 4 mile.
(8) All of the rest of the activity {about 50 per cent.) is trapped in the
"water column® and wost of this falls back into the sea. An unknown
proportion of the contaminated water evaporates and leaves small

contaminated salt crystals, suspended in the air.

The Mushroom Cloud

The following arguments are admittedly far from exact, but they are

Physically reasonable. Their sole purpose is to zive the order of magnitude

of the expected contamination on the }ainland, in the worst possible wind

conditions, - . 1 3 9
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diameter is between D and D + dD.

Then
. D,
1= {— (D)ap

Do

W '
i P Let f (D)4D be the fraction of the total nmumber of particles whose

(1)

where Do is the diameter of the minimum particle and D‘ is the diameter

of the largest particle,

Make the reasonable assumption that the radiocactive content of the

particle is proportional to the area of the particle. Then
Activity of particle = % p2 s where »P( is a constant.

The total activity of all particles A is given by
Dy '
A= | & .&(D) @
25

Now make the assumption that

{o - 5

where I is a constant.

Substitution (3) in (1) we get

-
L

N log Dy /D,
ané therefore

I

1/10g(D, /D, J-

Furthermore, fron (2) we get

A = %&D| 2 /108 (Dt /Do ):

provided we neglect D°2 compared with D‘2.

The activity carried by particles of diameter between

D and D + dD is therefore

D,2D

17

(2)

(3)
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b , ‘ Suppose that we take the very worst case where the wind is strong,

is the same at all levels and is blowing strai:ht from the islands to the

Mainland, distance 50 miles. Combined with this most unfavourable

supposition, let us assume that the cloud contains no particles of diameter ]

greater than 120 microns and that the first particles are just reaching the L
ground when they first pass on to the Xainland. I
The time of fall T of a particle is provortional to 1/D 2, |

- Let

T -

= % , where k is a constant.
D

Then we tnuw that T = 5 hours for D = 120 microns.
Hence
T = 1.5 x 108/92 ,
The wind speed V is obviously such that the air travels 50 riles in
3 hours, and is therefore 24 ft./sec.
4 particle of diameter D + @ will come o sround a time 2ko\.D/D3
before a particle of diameter D, and in this time the wind has woved a

distance M( where

dX = 2pvdo/m3,
The concentration of activity ser unit len:th of the conitaninsted

sirip is therefore

AD?
pv3,°
This concentration of course is spread over the whole width of the strip.
The width at 50 miles is about 8 miles and at 200 miles is 16 miles.
The most serious contamination is where the particles first reach the

ground. To estimate this » We substitute the numerical values quoted earlier,

namely
D = D, = 120 uicroms V = 24 ft./sec.
F = 1.5 x 108 secs./micron?,
The concentration per foot run of the contaminated band is 141

.

3x10710 1, Since the bend is 8 miles across, the contamination is

7 x 10715 A per ft. 2,



)
o

€y Y Now A is about 4O per cent. of the total radioactivity left by an

exploding bomb (namely 1010 t -1.2 curies)

Substituting this value, we get the maximum concentration as

2,8 x 21075 € =12 curies per £t.2, op
3 x .10"1" £ 12 curies. per metre2,

Aft';er a careful assessment oI the risks of fission vroducts and plutonium
deposited on the Xainland, it has been concluded that there is no plutonium
risk at all, but that pessimistically the fission procduct risi mizht just
cause temporary mild sickness if the level were

4 x 1072 | -1.2 curies per metrez..

The contamination estimated when circumstances are 4very unfavourable
(wind very unfavourable; particle size &istribution very unfavourable) is
thereforel33 times less than that which on extremely cautious estimates might
conceivably just cause mild sickness.

Admi!;tedly, a hill night cause a loecal increase of concentration,
probably by‘ a factor 3 or L. Again, our assump‘t;ioris on the distribution of
particle size do not give a concentrated distribution and to be on the safe
side we might allow an extra factor of 10. On the other hand, we have allowed
nothing for wind shear (something which always appears to be present near the
Islands} and we h;ave assumed that nothing falls out from the cloud until it
Just reaches the iainland,

The wind conditions envisaged in the above dizcussion are idealized and
in practice will almost certainly ve ruch more complicated, The problem
now arises of framin; the criterion for Judging whether the wini conditions are
acceptable for firing without danger to the jiainland, The arguments above give
a strong indication that only in the extreme case where the mushroom cloud is
quickly swept off to the lainland and where the particle sizes are unfavourable
will the contamination ever arrroach within an order of x:{agnitude of the mild
sickness dose. However » the arzuments althouzh strong, are not considered
sufficiently certain for considerations of Health Fhysics. 142

An important feature o° the arguments was that the smaller a particle is,
the longer time it takes to fall, and therefore, other things being equal, the
Smallest particles, when they reach the zround, are spread thinnest per unit

length of the contaminated band. We are zuided by this principle and frame

)
-
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“our criteria on wind conditions in such a way that all particles with a
reasonable time of fall from the mushroom cloud must fall in the sea.
The remainder (if there are any) stay suspended in the air for such a long
time that when they do reach the zround, the level of contamination is
minute compared with the acceptable concentration,

The criterion proposed for decidinz whether the wind conditions are

acceptable for the activity carried in the mushroom cloud is that "wind

conditions in the vicinity of the Islunds rust be such that any particle of
sige greater than 75 microns in diameter, released at any hei ht uz to
30,000 ft. over the Islands at the time of the explosion ::ust fall in the sea

not nearer than 5 miles from the coast of the }ainlana".

The Stem.
The stem is initially zbout :,_ nile wide, and stretches from the misty

cloud near the sea to the base of the mushicon clou2, at 20,000 - 30,000 ft.
The stem ébove 5000 ft., the heizht of the "water coiun%n", contains little
radicactivity, but as a safe assumption, the radioactive contents may be
taken as 5 per cent. of the total. It is easy to see that the contamination
on the lainland due to the particles from the stem above 5000 ft., in the
idealized example of the previous sub-section, is less then that from the
mushroom cloud.

The criterion to be used on the wini conditions at the time of firing
for the mushroom cloud is strinzent enou_h to cover at the same time the

radioactivity in the stem, with the rossible excection of ithe lowest 5000 Pt.

-

The following sub-section deals with the lowest =000 f£t. o the stem.

The Lowest 5000 ft. of the Stem.

The "water column" will be about ¥ mile wide, and will probably collapse
on to the sea as a base surge. The "water column" will not be higher than
5000 ft. The column will contain about one half of the radioactivity.
Although plausible guesses can be made about the subsequent movement of the

radioactivity, depending on the particle size distributions, etc., '11: 413

impossible to be certain what will happen. Therefore, it is necessary to be



G‘éwltﬁau'lzious in fegard to the Health FPhysics aspects.
The following criterion on wind conditions at the time of firing will
be employed.
"The wind conditions at the time of firing in the vicinity of the
islands must be such that no air bver the islandsAﬁp to a heizht of 5000 ft.

must be carried over the llainland within twelve hours",

Sumary
Two conditions must be satisfied before wind conditions in the vicinity
of the Islands are to be considered suiteble for firing, in order to keep

the contamination of the Mainland to ecceptable levels.

(1) Any paerticle of size greater than 75 nicrons in disxzeter (Gensity 2.25),
relgasea at any height up to 30,000 ft. over the Islancs at the time of
the explosion, nust fall into the sea not nezrer than 5 miles from the
coast of the Lainlang,

(2) No air up to 5000 f£t. over the Islunds at he ine o the explosion must
be carried over the llainlané within ten hours.

The safety of the shizs and personnel of the exncdition require the
following wind conditions at the time of firing

(3) o particles, of any size, released from any hei:zht up to 30,000 £t.
over the Islands at the tiﬁe of the explosion, rust fall either
(a) on the shivs of the exsedition within ten hours

(b) on lain Base (H.1) within two hours.
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teken as equivalent to 0.12 rep/day vhole body).

This is the normel working limit which will be applied
generally and it is estimated that it will be possible to carry
out the greater part of the operation under these normal

conditions,

(2) An integrated dose, received in one or a few exposures, of o

to 3 r. of gamma-radiation (accompanying beta 36 rep). This

may be applied in a linited number of cases where nccessary to

ensure the smooth running of the operation and will require the

express permission of the Rzdiation Safety Officer. =Personnel

receiving such a dose will not be subjected to any further exposure
- during the remainder of the operation. It is considered that

under these conditions such a dose is innocuous.

(3) in ihfegrated_dose-of 10 r. of gana-radiation (accompanyigg
beta 150 rep).. Thislmay ve applied oniy iﬁ cases of éxtrége
urgency, in order to recover vital recorcs that might otherwise
be lost, and will recuire the express nersonal vemission of the
Commander of the Operation who will have exvert medical and
radiological advice at hand. Fersonnel receivinz such a dose
will not be subjected to further exposure for a minimum period
of 12 months, It will be noted from the 4L R.C. Report Table I
that the risk involved by this exposure is very slisht.

TFinally it should be noted that all personnel who are to be subject

to any of the;e levels will undergo a »re-exposwre medical examination
end no person will be allowed to accept the radiation exposure until the

Medical Officer has approved him as fit for such work.
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clothing is worn most of the beta Trays may be stopped before they reach
the body, but in a hot climate it must be assumed that the clothing offers

little or no protection against bets rays of thesge energies, It is therefo

clear that the beta radiation is the limiting factor. Two cistinct levels

may be considered:-

(i) A level at which there is absolutely no risk of any xinds
6 rep (roentgen ecuivalent rhysical),

This represents a month's gose at the continuous level of

1.5 rep/weei accepted throughout the working life of radiation

4
workers. ( 2)

(ii) A level at which there is a risk of some temporary sickness in

& small proportion or bersons exposed - but no lasting damage,
50 rep.(3).
The accompanyinz garma radiation we can taxe to be 0.3 r, ang 2. 5r.
respectively, This is obtaine.d by teking the above ratio of 40 to 1 and
introducing a factor of 2 to allow for some absorvtion in

Sust etc,, some

protection from clothing, and a Cecrease in dosage with height above the

ground,

(b) local beta-irradiation of the skin

It is generally accepted that higher doses can be delivered to small

éreas of the body than to the whole bogdy, the peruissible dose being

inversely proportional to the area exposed, 7If as a worst case, we assume

that fission procucts are deposited on 50 per cent. of the body then the

dosages corresponding to zero risd< and rist: of terporary sickness are 12 rep.

and 100 rep, respectively.

(<) Internally Geposited Iu 239

\
be 0-024-/4' c.(2), this, however, is for Occupational groups, and the It R.C,

further factor of 100 should be applied where large Populations are

concerned, (5) ‘here small Eroups only are involved the brecaution is

considered unnecessary but in this case, where marriage outside the local

Comuni ty may be rare, it may be wise to include.it , The figure adopted

1~



therefore is

0. OOOZ;./»c. or 0,0084 3o
Owing to the long-term nature of the hazard and the fact that the Pu
once fixed is never significantly elimiriated, there can be no question

here of degress of exposure or any acceptance of a risk of some temporary

sickness.

(a) Ingested fission products

The main danger lies in the semi-permanent retention in the bogdy of
harmful amounts of the longer-lived beta-emitting fission procducts.
Calculations indicate. that 2 total ingestion of 3 millicurie of 1 hour
fission products woulc represent a comrletely safe dose. These calculations R
based on inown fission yielis and various biological factors(4) , show that
from this amount of mixed »roducts the following amounts of the most

dangerous isotopes woull be retained in the various vital organs:-

5r20 9.0001 wc
sr89 0.015 Vs
3al40 209 e
1131 0.3 e

The maximm amounts laia do'.'m(z) are 3r20 - 1/,,0. s 5r<9 - 2/.4.0. s
1131 | 0.3 MG nothing is leic down for Bau"o which hes the same
biological factors as Sr S9but a much shorter half-life. ‘e therefore

see that the amounts corresponding to a totel inzestion of 3 millicurie

are within the reconmended maxima. The strontium figures also include

the "general population" factor of 100, recommended by the L 3.8, for

the long-liveq isotopes, (5), The limiting case is 1131, Iodine however
g0es only to the thyroid and i: short~lived. urthermore the figure is

laid down for a maintaineg burden. The amounts of I131 useg therapeutically
wi thout causing radiation siciness of any sort are of the order of

100 millicuries. e mii;h;t therefore reasonably accept an increase in

our total fission brocuct ingestion figure to 30 millicuries givi;lg
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B s 0,001 .

s 015 e,

BalkiO 0.9 = g,

1131 3.0 e,
In view of the relatively large dose likely t.o be received by the intestines
prior to the excretion of the major part of the fission products, this higher
figure of 30 millicuries total ingestion should be regarded as coming into
the "slight risk of temporary sickness" category. It is of interest to note
that the 50 per cent. lethal cose for ingested fission products has been
quoted as being of the order of 7 curies.

(e) Inhaled fission products

Owing to the greater retention (25 per cent.: in the case o inhal:tion, ang
to the added danger of beta-irradiation of the lun s before the active
naterial has been dispersed to the various sites of cerosition, it is
considered that the levels for "zero risk" «nd for "sli_ht risk of temporary | j
sickness" are 0.1 mc. and 1.0 me. of 1 nour fission rroduction respectiveiy.

The resultant retention of the more cengerous isoones .oulc be:-

0.1 mec. level 1.0 mc. level
sr20 0,001 pec, 0, 0001 suc,
sr9 0,001 pc. 0.01 e,
BaldO 0.01 e, 0.1 pec.
1131 0.035  jec. .05 e,

All‘ these amounts are rur below those puruaitted oy the I,2...Z., The limit,
however, is set by the beta~irradiation of the lunzs. It has been estimatea(6)
that 1 me. of 12 hour fission products retained by inhalation will result in
an integrated dose to the lun;s of up to 20 rep, The dose from 1 mec. of 1 hr,
fission products will be slizhtly less than this because of ore rapid decay,
and that from 0.1 me, will be less again by a factor of 10, (It should be
hoted that a total irhalation fizure of about 2 curies has been suggested

as the 50 per cent, lethal dose). Having established the above maximum
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JFhole body beta end gamma-irradiation from deposited fission products

The maximum permissible contamination in this case will clearly depend on
the time at which the exposure starts, e will consider €xposures that start
at 2-;-, 5, 10 and 20 hrs, respectively: for the Purposes of calculation we
will assume that all exposures continue to infinity (the major part of the
dose, in any case, is recelved within a matter of days) and for comparative
purposes we will express all results in terms of 1 hr. fission progucts,

For the "zero risk" dose, that is 0,3 r., garma (plus the accompanying

beta as given podgp=Rtte) above) the ganma dose rates at 1 hr. for the four

exposure times are as follows:~

2% hrs, 0.075 r/hr,
5 hrs, 0.083 r/nr.
10 hrs, 0.097 r/hr.
20 hrs, C.11 r/nr.

Low a contamination o 1000 curies/sq. mile iz required to give a dose rabe of
C.1 r/day or 0,004 r/hr. Therefore the commmata.ons of 1 hr. flslen

products necessary to give us 0.3 r. for the €xposure times uncer consideration

are ;-
0.7 «x 101"‘/& o/m?
0.73 x 10"‘".;Alc/:.;2
0.91 x 10% po/i?
104 x 10* po/m2
Trespectively,

Tor the "slight risk of teuporary sickness" category (2.5 r. gamma plus
50 rep beta) all the above figures can be increased by a factor of eight,
giving:-
0.6 x1105,._c/m2
0.65 x 10° ;41-0/1:'1"2
0.76 x 105/l.c/m2
0.87 x 105 ,bc/mz 151

Local beta-n-rad:.atlon of the skin from directly deposited fission oroducts

Here again the time of the exposure is 1Pportant. We will consider

2 hr, €xposures (g DPeriod after which most deposited material would be either

washed off or worn off) commencing, as before, at 2% s 5, 10 and 20 hours after

~
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'aIndirect deposition in drinking water by drainage over the vears

Let us assume that over & period of 70 years all the surface
conf;amination'is gradually drained away by the‘rain and appears uniformly
over that period in drinking water supplies. ILet us also assume that the
rainfall over that period averages 12 inches a year, i.e. 840 inches totai
(and let us allow 25% for evaporation), so that the total volume of water
per square metre is 1.6 x 107 ccs. The 70 yéar drinking water tolerance for
Pu (I.C.R.P.1950) is 1.5 x 10-6/- ¢/ce., giving us a maximum permissible
contamination of

0.2 po o/n2
The only fission product to be considered in this case is Sr90 (h,_alf-life
25 years). Thélong term drinking water tolerance for Sr90 is 8 x 10'9,u- ¢/cc. ,
so that the maximum contamination would be 0.075 /-c/mz, corresponding to

5 x 105 e o/m2

Depo;i_tion on human foodstuffs
It is diff'icult h_ere to devise & suitably realistic case. Let us
inzgine a- fruit tree with a- total spread of 2 metres radius, and that one-fifth
of the contamination fallinz on it fails on the fruit as opposed to the leaves
and branches and that one tenth of the fruit is eventually eaten by the same
person without being washed. Using the same maximum permissible ingestions
-as before we find that our naximm permissible contaminations are
Fu239  _ 1.7 ,u.c/mz
1 hr. fission products - 1.3 x 10%u.c/u2 (zero risk)

1' /‘

Deposition on animal foodstuffs

This perticular problem is exceedingly difficult to assess., There are
tio aspects: on the one hang there is the possibility of effects on humans
Who eat the animals, and on the other hané there is the possibility of effects
on the animals themselves » Which is important in districts where man's
livelihood depends on the breeding of livestock. In considering the animals
themselves it seems fair to ignore any factor which has been included for
humang merely to guard against any increase in genetic mutations: this 1 53

increase is, in any case » calculated to be exceedingly small and would be

300
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« | Wconpletely insignificant ‘amon_gst a population of animals. The figure we will
use therefore for total ingestion of Pu39 is
| 40 P Co
It also seems fair to enter the region of "slight risk" in the case of fission
products and to increase the total ingestion figure up to
100 mec.

This is still only about 2 per cent. of the quoted 50 per cent. lethal dose.
Only a small percentége of these émounts will, as we have seen, be absorbed
from the anﬁnalé' intestines, and only a small proportion - sey 10 per cent. -
of this mizht end up in edible parts of the animel; allowin; also for mén's
own e#cretion it is found that the boly burden retained by a man who eats,
over a period of time, one whole contaiinated animal would be small compared
to the permissible figures and we need have no concern on that account.

I'ov suppose that the animal eats conteninated vegetation weighing about
300 1b. If every piece of this vegetation could be laid out flat on the
zround, ‘the total would cover about 100 22, fThis vegetation when zrowing
would rrobably take up 10,000 m? of gfouni, but to be on the safe side,
assume that it grows on only 1000 m?,

+hen the contaminated@ particles are settling, a very small proportion
will touch the veéetation and stick.. Since the vegetation, when imagined
laii out Tlat, covers only 100 m2, it {é?%%gceivable that even one rarticle
in 100 falling on the ground sticks to the vegetation. Taking this figure,
we deduce that the animzl will ingest 100 mc. if the contaminations were a4

Pu23® -  0.04 pc/m?
1 hr. fission products - 104/u.c/m2.

Inhalation while varticles are still airborne

Supzose that e have a oloud of uniissioned 1zaterial or fission products
which is 500 metres deep, settling out uniformly over a given area over a
period of 1 hour, so that anyone in thét area is breathing in radiocactive
material for 1 hour. Assuming a breathing rate of 1 m3/hr. and 25 per cent.
retention, and using the maximum permissible amounts previously quoted, we

\ have as our maximum permissible air concenirations :- . 15 4
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Olnairect deposition in drinking water by arainige over the years

~o . -

; Let us assume that over a period of 70 years all the surface
contamination is gradually drained away by the rain and appears uniformly
over that period in drinking water supplies. ILet us also assume that the
rainfall over that period averages 12 inches a year, i.e., 840 inches total
(and let us allow 25% for evaporation), so that the total volume of water
per square metre is 1.6 x 10/ ccs. The 70 year drinking water tolerance for
Pu (I.C.R.P,1950) is 1.5 x 10"8/.1, ¢/cc., giving us a maximum permissible
contamination of

0.2 4 ¢/m2
The only fission product to be considered in this case is Sr9° (half-life
25 years). Thelong term drinking water tolerance for Sr90 is 8 x 10_9/‘_ ° fcc.
so that the maximum conta:ninafion would be 0.075 /,-c/mz, corresponding to

5 x 109 2 ¢o/m?

De;oositipn on human foodstuff's

it is difficult here to devise a sui.takbly reaelistic case. Let us
“imagine é. fruit tree with a total sp_read of 2 metres radius, and that one-fifth
of the contamination fallinz on it falls on the fruit as opposed to the leaves
and branches and that one tenth of the fruit is eventually eaten by the same
person without being washed., Using the same maximum permissible ingestions
as before we find that our maximum permissible contaminations are

P29 - 1.7 so/m?
1 hr. fission products - 1.3 x 1044 c/m2 (zero risk)

ﬂ

Deposition on animal foodstuffs

This particular problem is exceedingly difficult to assess. There are
two aspects: on the one hand there is the possibility of effects on humans
Who eat the animals, and on the other hand there is the possibility of effects
on the animals themselves, which is important in districts where men's
livelihoog depends on the breeding of livestock. In considering the animals
themselves it seems fair to ignore any factor which has been included for

humans merely to guard against any increase in genetic mutations: this 155

increase is, in any case, calculated to be exceedingly small and would be
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acmpletely jnsignificant amongst a population of animals. The figure we will
use therefore for total ingestion of Pu23d is
L0 P Co
It also seems fair to enter the region of "slight risk" in the case of fission
products and to increase the total ingestion figure up to
100 mec.

This is still only about 2 per cent. of the quoted 50 per cent. lethal dose.
Only a small percentage of these amounts will, as we have seen, be absorbed
from the animals' intestines, and only a small proportion - sey 10 per cent. -
of this might end up in edible parts of the animel; allowing; also for man's
own excretion it is found that the bocdy burden retained by a man who eats,
over a period of time; one whole contaninated animal would be small compared
to the permissible figures and x.';re need have no concern on that account.

I'o7 suppose that the animal eats conteminated vegetation weighing about
300 1b. If every piece of this vegetation could be laid out flat on the
gréuni, the total .*.véuld covér about 100 ©2, fThis vegetation when growing
woul? rrobably take up 10,000 m2 of gfounri, but to be on the safe side,
assume that it grows on only 1000 mz.

shen the contaminated particles are settling, a very small proportion
will touch the vegetation anz stick.. Since the vegetation, when imagined
l2ii out flat, covers only 100 m2, it i}v(%‘gnceivable that even one particle
in 100 falling on_the ground sticks to the vegetation. Taking this figure,
we defuce that the animal will ingest 100 mc. if the contaminations were a4

P23 - 0.04 mo/m?
1 hr, fission products = 104/;. c/m2,

Inhalation while particles are still airborne

Suprose that we have a oloud of unfissioned x:a‘i:erial or fission products
which is 500 metres deep, settling out uniformly over a given area over a
period of 1 hour, so that anyone in that area is breathing in radiocactive
material for 1 hour. Assuming a breathing rate of 1 m3/hr. and 25 per cent.
retention, and using the maximum permissible amounts previously quoted, we

have as our maximun permissible air concentrations :- 156
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Pu239 0,000 p* c/m3

| ]
,. 1 hr. fission products 0,1 mc/m3 (zero risk) |

1.0 me/m3 (slizht risk of temporary sickness) l
e can thus imagine a column 500 m, in height and of one m2 cross-section t

settling out over one m? of ground and containing the above concentrations, This
(-] §

will eventually give us maximum permissible ground concentrations of
Pu239 0.2 > ¢/m2
1 hr. fission products 5 x 10% oS c/m2 (zero risk) .
| 5 x 105 M c/m? (slizht risk of temporary sickness)
Inhalation of stirred-up dust
ve can naie use here of the results of the trials carried out by the Home

0ice and L3, °§ 3,(6), which show that the air concentration rer cubic netre )
produced by the disturbance of dust (by shovelling, clearance of debris » ete.) !‘
in a2 contaminated area, was a fraction of 2 x 10"5 of the contamination per \
3g. uetre of ground. 0

, !
Pu23? is the :ost dangerous vossibility in this case anc to be entirely safe F

«e shoulc assume indefiniigq exsosure to {isturbed zirborne dust (e.g., this covers

the case of = mzn who spends most of his lire on horsebaciz)s  The lonz-tern

mix-nus permissible breathing concentration for Fu239 is

2 x 10'194- ¢c/ce.

or 2 x 10"6/o c/m3

Usin; the above-cuoted results this would corresponc to o maximum permissible

3rouns contamination of

1 ,pc/mz

In the case of fission products the hazard will not be so long-lived. If we take J

& continuous exposure to disturbed dust of 6 months as the worst possible case and
neg

lect any radicactive decay we find that the maxirum permissible air

concenirations are

5 x 1073 mc/m3 ( zero risk)

5 x 1074 po/n3 (slight risk of temporary sickness)

and the CoTresponding grouna concentrations

2.5 x 10%  o/u? .
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2.5 X 105 'A».c/mz
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’In,jection into the blood-stream through cuts, etc.

ihe T VR TR TR EEREEEETT
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Ignoring direct deposition, let us consider a man falling over on

contaminated ground and all the active material from, say, 10 cm2 entering

a scratch or wound and passing into his bloodstream.

The maximum amounts he should absorb by direct injection are

Pu239

1 hr. fission prodgcts

0. 000} ,» e

0.1 mc.

Our maximum permissible contaminations are therefore

Pu239

1 hr, fission products

0.l po c/m2,

1 x 105 o o/m2.

Hazards from Pu239

}ax. permissible

Corresponding cone. of

contariination 1 hr.f.ps. based on
Hazard in o/m2 estimate of relative
" amounts present.
- c/m2 pg/m?
Direct deposition in drinking 0.8 1.2 x 107 2.0
water :
Indirect deposition in 0.24 3.5 x 106 0.5
drinking water over years
Direct deposition on human 1.7 2.5 x 107 4.1
foodstuffs
Deposition on animal 0. 00L 5.8 x 105 0.1
foodstuffs
Inhalation of cloud before 0.2 2.9 x 106 0.5
settling out
Inhalation of stirred-up 1.0 1.4 x 107 2.6
dust
InJection into cuts etc. 0.4 5.8 x 106 1,0
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24 wcsnon -~ Hazards from fission produc%s

Maximum perudss%ble contamination of 1 hr.f.ps.

phc/m2 A o &/m?

zero risk |slight risk |zero risk slight risk

Whole body beta and gamma 0.7 x 10+ | 0.6 x 105 1.2 x 10~ 1 x 102
* radiation % .
Local beta-irradiation of L.8x10% | 1.5x10° | 3 x10°3 | 2.6 x 10°2
‘ , skin
!
Direct deposition in 6 x100 | 6 x10% |1 x1073 | 1 x 1072

drinking water

Indirect deposition in 5 x 107 - 8.0 x 1072 -
drinking water over years

Direct deposition on human L3 x10% | 1.3 x 100 2.2 x 1073 | 2.2 x 10~2

; foodstuffs

Direct deposition on animal - 1 x 104 - 1.7 x 102
) foodstuffs
! Inhalation of cloud before 5 x10% | 5 x105 |8.0 x 1073 | 8.0 x 102

settling out :
! Inhalation of stirred-up 2.5 : 10% [ 2.5 x 105 |4.0 x 103 |4.0 x 10-2
- dust S .
) : ‘Injection into cuts, etc. 1 x 105 ‘- 1.7 x 10-2 -
¥

) 3 3 . 1
rlgs. glven are for exposures beginning at 2z hrs.
as representing the worst case. .

It can be seen at a glance that the concentrations of fission products

corresponding to all the permissible contaminstions of Tu are so far in

excess of the limiting cases for the fission vroducts themselves that we

need consider the problem of the Pu no further.

—— e —e -

Discussion
(a) 1t woula aépear to be a simple matter, once the acceptable degree of
risk has been decided upon, to accept the lowest figure in the above
tables as the maximum permissible contamination without further discussion,
There are certain factors, however, that cannot be overlooked:-
(i)  Many of the calculations concerning the ingestion and inhalation
hagzards are, of necessity, suesswork and tend, if anything, to
| | ovler-estimate the hazard, 4 qq
(i1)  Certain hazards such as the direct deposition of activity in ¥ ®
drinking water could be avoided by taking protective measures

before the event, }

1 ). . A



-

4
t

}‘ . . - (iii) Others, the longer-term ones, could be checked and dealt

with, if necessary, by evacuation of limited arecas after the
event.

(iv) All the hazards described may well be additive, i.e. one

individual may be exposed to all of them.

. (b)  The limiting case on paver for "slight risk® is the deposition

' on.animal foodstuffs
| 1 x 10% po c/m2

(¢) With (b) might be bracketted the "zero risk" figures for
direct deposition on drinking water for humans in an uncovered
tank in the open air, namely

6 x 103 M c/m2.

(a) At about 1 x 10""/u-c/m2 we have the "zero risk" figures for whole
body external beta-jarma radiation for local teta-irradiation of the
skin, and for direct deéosition on numan feodstuffs. The former

« irradiation is inescapable and cannot be arzgued about: the figure of
102",;. o/n? is, of course, for "zero risk" ané can be increased by a
f:actor of eight before it camcsinto the "slight risk of temporery sicknes:
category, but in couptenancin 2 such an increase it is necessary to rememb:
that we are now accumulating auite a aunber of hazarcs, the effect of all
of which will be additive.

(e) It is time now to make some specific recommendations. It is ‘

suggested that -

\ (1) 6 x 103 ;c/m? would involve no risk at all.

v

(i) &4 x 101*,»0/1112 would probably involve zero risk but where an
individual was exposed to more than cne hazard at a time, the
aaaitivity of the effect would cerry him into the "risk of
temporary sickness" éategory.

(1i3) Any significent increase in the figure of 4 x 10% uc/n? must
be assumed to involve a' risk of lasting or at least unpleasant

. L ' injury and cannot be regai‘ded as acceptable,

160
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Mean Wind Time of Particle Diameter D

to height h fall

Yh (k:qots) (seconds) 20 v 30 w 50 u 100 u 200
5 35,000 3,100 7,200 19,000 37;£3 e
10 18,000 1,600 3,600 9,700 35,000 -
15 12,000 1,100 2,400 6,500 | 22,000 -
p.9) 9,000 790 1,800 4,900 16,000 49,000
25 7,200 630 1,400 3,900 13,000 39,000
30 6,000 530 1,200 3,200 11,000 33,000
40 44500 - 890 2,400 8,100 | 25,000
50 3,600 - 720 1,900 6,500 | 20,000

‘ Sge tgr of Pagg 3. -2 -
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surge whioch would spread the contamination over an area of a few square miles
only and would not reach the mainland. If however the particles were mxe
dispersed they would fall relative to the air and wonld also be carried along
with the wiade Their rate of fall relative to the air would be, to a olose
approximation, equal to their terminal velocity. Best (1950) has examined the
terminal velocities of water droplets in air which he finds fall as rigid spheres
if they are less than $!m, in diameter. From his results, making a rough
estimete of the appropriate air density to use and knowing that terminal velooi-
ties of smrll sphericsl particles are very nearly proportional to their density,
we can deduce a relation between the particle diameter D and its falling
velocity Up ®. The results are given in Table I which has beem calculated for

a particle density of 2% grms/cce - an approxiomte mean density far sand and salt
particles.

Table I

Terminal Velocities

of sp"erical particles of density ms/cce
D U D g
microns £ t/Is)ec. microns ft/sec.
5 0400551 200 Seled
10 0.,0220 250 7436
20 0.0878 T 300 9.09
30 0.198 500 155
40 0.353 750 23.1
50 04538 1000 30.2
100 1.8
150 3+53

Particles of diameter D falling from a height h will take a time h,/UD to
reach the ground. If the mean wind to height h is Vi, the particles will have
travelled a horizoantal distance

R = hVy,/Up (3e1)
Table II gives a few corresponding values of h and Vi, for differeant D,
based on the Up given iu Teble I, far valnes of R of 50 and 200 nautical miles,
and for various mean wind speeds.

Table 11

xn .
Heights of Fall of Particles (= h)

R = 50 nautical miles Heights in feet
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moving with the wind to traverse the column, In order to calculate the amount
of contamination at a distance of 50 miles or more we can think of the coluymn
as compressed into a plane sheet lying along the direction of the wind, The !
error arising fram this procedure is only a few per cent, Becanse of the finite ;
ocross-=wind width of the column, however, the maximm contamination will in fact
occur over a strip of width comparable with the width of the columnm,

On the ground therefore, the cross-wind profile of the contamination
deposited will have a flat peak, nearly constant over a width of about 750 metres,

Using the assumption that the fission products are evenly distributed in
height throughout the column, and Supposing that the particle sizes are such that
the products deposited at a distance R all come from the same height in the
colum®, then the contamination a4t distance R is'greatest when all the fission

deposition, per unit length down-wind, at all distances less than R from the source,
So if (§/is the totel contamination carried by the column the peak contamination
per unit area at distance R is given by :

Ty R

- "

" Inserting numerical ‘values we get the results givén in Table III.

TABLE IIT -
' Va.lu_es of ‘7')/@
R = 50 nautical miles » :
Wind Speed ; T a { a o 2.150 ¢/@ I
(knots) ; (hrs.) :, (metres) (metres)! (per Sq.metre)
; ¢ N _
i 10 " 0,054 | 0475 | Ou4d 690 1 1,500 | 6.1 x 1073 :
10 ‘ 0.054 | 0.875 | 0021 2,600 ! 5,600 1.7 x 1072 :
10 ' 04054 | 1.00 j 0.11- ] 10,500 22,000 be1 x 10” :
20 ’ 0.027 | 0.75 { 0.33 | - 560 1,200 7.6 x 1072 ;
20 l 0.027 | 0.8879 0.17 | 2,700 4,500 2.1 x 109 ;
20 | 0.027 |71.00 | 0.09 8,500 18,000 5.1 x 10-10 :
- A St : | J
R = 200“nautical mil.es.
Wind Speed T e |k | o | 2158 ¢/@
(knots) (hrs.) (metres) | (metres) (per 3¢ metre)
10 0,084 | 0.075{ 0.4t | 2,000 4,200 | 5. x 10710
10 0.054 | 0.875| 0.21 ] 8,700 | 19,000 | 1.3 x 10~1
10 0.054" | 1400 | 0.11 [ 42,000 | 88,000 .| 2.6 x 1011
20 0,027 | 0.75 | 0.33 4,600 3,400 6.7 x 10~10
20 0.027 | 0,875 '0.17 7,100 ° {* 15,000 1.6 x 10-1:)
20 0.027 | 1.00 | 0,09 | 34,000 | 72,000 { 3.2 x 10~1 ‘

= This assumpfion is discussed fully ia s‘ectionrs.'

 5¥{:[75‘_::4'_':’- k 167
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1

These values of ¥ /f)are howsver average values and there may be local
variations in the depositfon d?'o 0 the topography of the ground. Particularly
favourable places for a local »ﬁ-SZm‘%f contamination are on the windward slope
of high ground, and a 1little distance to the lee of itg“¥he township of Roebourne®
appears from'the map to be so situated, and here the contamination may reach 5 to
10 times the average valne, . L

Effect of the aasumpﬁons madé.

The contaminations represented by the last columns of table IIT are a first
estimate of thoge against which precautions should be taken, However these
fignres have been obtained by means of a mymber of assumptions, The first, and
perhaps most sweeping, assumption is that set out in section 2, reducing the
resultant contamination. by a fastor 10. It may well be argned that with the
uncertainty attached to this initial moture we should not make any firther
allowance far factars w ich wai1ld reduce the valnes of y/ given in table ITI.

"Putting this aspect on one side, however, there are a qmber of other assymp tions

we have made,

~ In the first place we assumed the figsion mrodvcts were evenly distribnmted
in height throughout the column, This may not be 50 and the effect of different
distributions woild be in general to inorease the highest possible contamination,
though reducing the chance that it would actually occur. !

We have also assumed that particles at any given height ‘are all of the same
sizes This will not be true elthough it may be that a varrow range of sizes
is dominant, If there is a spectrum of sizes o assumption that the products o ’
deposited at a distance R all come from the same height will not be tre ang some
of the finer particles will be.carried to distances greater than R while the ‘larger
particles will fall out quicklye. .This ths agsumption of the same total deposition

“Per unit length downwind will not hold; the total devosition now decreasing with

6.

distance from the sairce, . The net result will be to decrease the highest cal-
culated conteaminations at the distances we have in mind. Withont knowledge of
the spectrum of sizes it is not possidble to-calculate a figure for this reduction
tut it is suggested that an estimated factor of 10 is of the right crder.

In addition, when there is a spectrum of particle Bizes, there will be a
further factor of reduction canged by the variation of wind with height. As is

Such e wind she.r would also increase the width of the contaminated zone by a
factor of 5, S ’

Altogether, therefare, if the fission prodncts are evenly distributed ia
height in the initial columm, we have a total factor of reduction 50, which
allowing for the factor 10 suggested in section 2 for the fraction of products
carried by the coluymn, means that in table IIT (H) should be the total contamina-
tion produced by the explosion reduced by a factda 500, An independent estimate
of this factor is given in Appendix C, which is in close agreement,

Although the valie 0.875 for tat ig probably a good average, the value of
‘a' on any particular day may be quite likely near one of,tne extremes given in
table III. That is to say that if we take the. value of ¢/ corresponding to
& = 0,875 we may well be in errar by a factor of 4 or 5 in either direction.

Bearing in mind all these uncertainties therefore, it is suggested that we
nse the valnes of O/ for a = 0.875 together with'the reduction factor 500 to
calaulate values of contamination to be used- for the purpose of planning the
precautions to take, In addition allowance should be mrde for topographical
effects which may increase the contamination in some limited areas, The final
figures will not be expected to mrove very ascuraté and, as has.been discussed
above, may prove to be too low or too high, perhaps by a factor of 10.

Mumerical valies for the ‘coutamination

@ is now defined as the total coutamination produced .by the explosiom

2 100 nautical nﬂ.le? away ;o the E.g.s."::-‘ L R | ‘ 168
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reduced by the factar 500 determined in the previous section. TIn Appendix D
an estimate is made of thig contamination which leads to the result that ;
@ = 0.74 curies of plytoniuym ‘ (6.1)
and 1.8 x 107 =12 oyries of fission products :
. .

‘

"where t is the time aftar the ‘oxplosion in hours.

Inserting these values in table II for a = 0.875 we have the following
resalts:-’ oo ' S

TABIR IV

- Contamination which may be deposited

1

Wind speed Distanos R from expIos —
(knots) - .sion (namtical miles) |_ - Contamination 49
. ' o ’ fission. Plutorium
produots
(neuries/m2) (nairies/m?)
10 I <0 x 10Hg=1e2 . -3
20 ?3 : o ?.s : 104412 :g: 118'3
10 200 2.4 x 105¢=142 9.6 x 10™5
20 . 200 3.0 x 105¢™1+2 1.2 x 10~

In Appendix E are given estim tes of the maximm ground contaminations which
it is suggested might be permitted on the dnstralisn mainland. The conclasion
is that we need not coneider the plutoniwm risk am that, provided drinking water
swpplies are covered Over, a contamination of 4 x 10%t=1. wicrocuries of fission
products per square metre would involve a risk of no more than a slight chance of
temporary sickness, but that any significant increase in this figure involves a
risk of lasting or, at least, unpleasant injury. It is instructive therefore to
express the figures in table IV in units ‘of this contamination,

TABIE V

® Contamination which may be deposited in wnits of suggested
: maximum permissible contamination

Y
3

Wind speed Distance R from Contamination deposited
(knots) _ - explosion (in units of suggestea
» (nautical miles) - maximym permissible)
10 A 50 0.75
20 50 - o 0.95
10 - 200 - . 0.06

® Allowing for topographical effects the contamination at Roebourne,
for example, caild be es high, ar d& little higher than that'qoted
for R = 50 namtical miles, o ' o,

: The disconssion of the preceding sections and the figures given in table V !
show that there will be some risk to the clvilian population, but provided tnat

' . simple precaytions are taken the risk should be small, -

The risk would be removed, of course, if the firing took place at a tim

when the wind was in such a direction as to carry the produots away from the
mainlandes In view however of the faot that in some years there is a high
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TRIMOVILLE ISLAND Table T. Mean Winds (in kmots) up to varions heights .at the-Island
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TRIMOVILLS ISLAND

09,00 clock time

s
!

- Table I. Mean Winds (in knots) np io various helghts at the Island

September - October, 1951

OCTCEER
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N =

-
OV O NTE NN >

4 —04

"TL‘,,..\

Surface 0-5,000 0-10,000 l ! 0-15,000 0-20,000 0-25,000 0-30,000

200 10 215 13 202 | 12.7 I 1233 13,3 256 20.3 264 26.8 270 32.4 /l .
1o | 10 1L | 16 111 | 45 ‘ P120 | 1208 132 | 10.7 154 | 9.2 183 | 11.1 falas
180 Ol 078 124 076 | 14.5 | * 09 8.5 129 5.8 169 6.8 187 1.6 |0 v
180 | o6 150 | 7.5 104 | 3.2 t 020 2.4 ' 315 3.1 267 6.5 250 | 1.3 | i
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B.5

Be6

B-7

B.8

From these figures it‘wcvuid seem reasonable 'to’ deduce that betwsen 5 and 10

_people live on each homestead, the rest of the population being employed either

on the q.i.rfielda or in the towns. -
Agriculture ‘

Crops in the arem are negligible though thers mey be a little fruit grown.
ldvestock ' ' . .

The follovh‘.ng table shows the livestock in each district.

. ‘ Aéhburt on Roebourns
Poultry, hens, duch . l_ . -+ 420 hens _ 584 hens
. o _': A few ducks - No ducks
Dairy. cat‘tleA o R . 56 120
Beef cattle S . 2,737 . ' 1,285
Horses ) B » 920 E 458
Sheep T maes 139,162

Since Ashburton is 25,210 square miles in srea and Roebourne 8,452 squere
miles the numbers of beef cattle and sheep per square mile are:-

" Ashburten " Roebourne
Beef cattle o ' L 061 - ’ 0.4
Saneep - A 10 T

There are in this srea 21 homesteads at each of which there arc -
5 to 10 people
About 25 hens
About 6 dairy cows
About 20 horses
and in eddition there are about |

1 beef cattle to 7 squere miles, and about
16 sheep per square mile.

There are also 4 townships and 4 airfields.

Source of information

The above information is gleanéd from the following sources:-

a) Australian Aeronaytical Map, sheet F.3.

b) Statistical Register of Western Australia 1947-48, Part V and
o .. Pert XI.

¢) Pocket Year Book of Western Australia, 1950,

a) Population of Ouslow; provided by Rear-Admiral Torlesse.

e) Bucyclopedia Britannica. . . .
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of this orystal is rosghly a gquarter that of ‘the liquid dr ‘fz‘~om which it was
formed. These salt particles may be of some inparg:noo sgce oven drops as

large as M)O/.» my beo evaparated in falling ard leave a salt arystal as large

as 100544. e . Such largs drops, however, cannot remain in the cloud but might .
fall as'r in the immediate locality of ground zero. It now seems that the
contmmination to be feared arises from:- : . :

(1) solid particles in the range 35, to 150 ..~
. . A -/
(11) salt crystals . '
while contamimation of the meinland by liguid perticles may be ruled out.

Ce3 Origin of Solid Particles

We myst now examins the souroe of supply of the solid matter. It is
understool that the naturally ooccurring solid partiocles are composed of orushed
coral, which is such that only 0.1% will pass through a fine sieve, Some surface
sand and dust may be caught np by the couveotive processes, but it is uulikely
that the amount will be large, nor are such partioles likely to be carried to any
great height.  If ‘we take the suggested figure of 10,000 tons of bottom sand as '
being thrown up, we are left with 10 tous in the aize raunge -of aboat 1,000 .. and
below, and ‘perhaps 1 ton'in the range 100 .. and below, The quantity of
evaporated salt is very difficult to assess, but it is unlikely to be of greater
importance than the solid watter. Moreover, the degree of contamination due to
salt particles is probably small.

Ceo4 Diffusion and Wind Shear

A feature of the problem is the effect of the change of wind direction in
varions layers. The winimim wind shear observed during Septenber and October,
1954, was 35 degreea, and the average about 50 degrees, . Siuce the angular
spread of contamination by diffusioun is of the ‘arder of 10 degrees at a distance
of 50 to 200 miles from the sowrce it is clear that the effect of shear in this
region will decrease the concentration by at least 3% times and probably by mcre
than 6 times. LT ' .

C.5 Bxamination of Data for September/October, 1951

Diagram 1 shows the distance travelled by two particles of size 150 and
75 .. which have. been assumed to fall from 30,000 feet under the prevailing wind.®
It will be noted that in the case of 150,~ particles, no particles reach the
coast becanse of the wind direction. Iu practice, therefore, we can probably
linit the pa.rticleéize to 100 .- as an upper limit. It should also be noted that
the contaminated sector almost always lies to the north of the line Joining the
origin to the point of fall, With winds of 15 knots or more in only two cases
in a month was the contaminated sector to the south of this line. Diagram 2
{118 trates the wind shear ium graphical form. The safest factor from a
statistioal point of view is seen to be: from 210 to 290 degrees.

C.6 Effect of Time and Space on Wird Estimation

In plotting diagram 1 it has been assumed that the wind found over ground
zero is applicable during the time of fall-out. Prwom the 150, particles this
“time is about one and a half hours and the distanoce travelled less than 50 miles.
Tn such cases the assumption is quite valid, Por the 75 .- particles the time
of fall is sbout six hours and the distance travelled up to 200 miles, In such -
a case there is a statistical error dus: to the posaible change of wind with
tims and space. An attempt has been made to estimate the magnitude of the errar
and it appears that the true position of the 75,4» partioles will lie inside a
circle of abont 20 miles radius around the assumed position.. This, however,
does not affect the value of the diagram. : . X

C.7 Couolusious

With th&aa oonsidaraﬂons.it. is possible to make some g_m'r'isiou of the
ostimates of the amount of contamivation which will be d_eposited noder the warst

» The falling velooities for these particles have been oaloulated from Stokes' Laws
ta " ; 2 - : .
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The accompanying gamma rediation we oan take to be 0.3 r, and 2.5 r,

(b) Iocal betairradiation of thes axin

It is generally aocepted that higher doses can be deliversd to small arean
of the body than to the whole body, the permissible doge being inversely
rroportional to the area exposed. ' If, as'a worst 0836, wo assume that
fisd on produots are dopoaitod‘on 50% of the body then the dosages

(o) Internally deposited Py 239

The maximmm p?r.'slisible amount of Fu239 fized in the body is considered to
be 0.04 ne. 2 This, however, is-for occupational groups, and the
MR.C. hold the opinion that, in view of the danger, even at the normally
accepted levels, of an iverease in the natyral rate of genetio mutations
in wan, a fm-ttags';’u.otor of 100 should be applied where large populations
are concernad, ere small groups only are involved the precsution is
considered uunecessary but.in this case » vhore marriage outside the looal
commnity may be rare, it may be wise to include it, The figure adopted
therefore is ) < i :

' 0.0004 po. ‘ar 0.0064 ug.

Owing to the long-term nature of the hazard and the fact that the Ry
onoe fixed is never significantly eliminated, there can be RO question .
here of degrees of éxposure or any acceptance of a risk of some tenparary
sickness. - :

(d) Ingested fission products

The main danger lies in the semi -permanent retention in the body of har@fyl T

indicate that a total ingestion of 3 millicurie of 1 hour fission prodnot: .
would represent a completely safe dose. These ca1<(~u tions, based on
Imown fission ylelds and varions biological factara(4), show that from

this amount of mixed rroducts. the following smounts of the wost dangerous
isotopes would be retained in the various vital organs; -

. : o ; - 8p30 - 0.0001 ne
S .sr89 - 0.015 ‘o

T om0 0.09 we

I 131 P i 003 uc

The meximim amounts laid dm(a) az:'e Sr9°_- 1 pe., Sr89 - 2).|c.,

I'91 - 0.3 uce; nothing is laid down. for Bal40 which has tde same
blologioal factors as Sr89 bt a mch sharter half-life. We therefore
see that the amoumts corresponding to a total ingestion of 3 millicurie
are within the recommended waxima. The stroutiym figures also inolude
the “general population® fiotar of 100, recommended the M.R.C. for
the long~lived isotopess(5) mne Luiting case s I'31.  Iodime however "
goes only to the thyroid and is shart-lived. ' Furthermore the figure is
laid down for a maintained burden.: The amounts of I131 ysed thera~
peutically withmt cauaing radiation sickness of any sort are of the
order of 100 milliouries. We wi ght therefare. reasonably agoept am
inorease in our total fission product iugestion figure to 30 millicuries
gving retention’ figures of .

sr 20

0.,001 /1!.00 ’

sr89 0.15 ’“ya.
m1w S . 009 ./uc.
1131 . 3.0 : /ll°0 .
Lt !/
. “2-
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' ovaparation), so that the total volume of water per sqiare metre is

. Indireat deposition in drinking water by draimage over the years .

Let us assyme that over a period of 70 years all the surface contamina tion
is gradually draineq away by the rain and appears uwiformly over that period in
Qriaking water Supplies, Let us also asmme that the rajnfall over that period
averages 12 imches a yoar, iees 840 inches tota) (and let ws allow 25% for o

1.6 x 10 + The 70 year drinking water tolarance for By, (I.C-R-P.1950) . ‘
is 1.5 x 10 /uo,_/oo., glving us a maximpm permiasible contamination of '

. 00214-/.10/ﬂ2

The oaly fission Kroduct to be considered in this case is Sr90 (hLalf-1ire
25 years)s The loug term driaking water tolerance far Sr90 14 8 ¢ 10'9}xc/cc.,
80 that the maximm contamination would be 0.075 po/n2, ocrresponding to

A 5-1'105/110/.1112,'-

Deposition on human foodstuffs )

~ It 13 diffionlt here to devise a s;zitably realistic oahe. Lot us imagine
a fruit tree with a total spread or 2 metres radins, and that one fifth of the
ocontamination falling on it falls on the fn_xit 23 opposed to the leaves and

without being washed, Using the same maximm permd ssible ingestions ag before
we find that our maximm permissible contaminations are

X R
1 hr. fisgon Products = 4,3 x ok pc/mg zero risk)
T 1.3 x 105'ug/m slight risk of
: : " temparary sickness)

Deposition on animal foodstufrs

This partioular Troblem is exceedingly difficnlt to 8ssess.  There are ° -
two aspects: on the one hand there is the Posaibility of effeots on bumans who *
eat the animals, and ca the other -hand there is the possibility of aeffects on
the animls themselves, whioh is impartant in distriots where mans' livelihood

calculated to be exceedingly small and woild: be completely insignificant
amongst a population of aoimals. The figure we will use therefore for total

: 1 pc

It 2130 soems fair to euter the regicn Of "slight risk® in the case of fission
products and to increase the total ingestion figure up to

- 100 m_.'

This is still only about 2% of te quoted 50% lethal dose, Ouly a small

perceatage of these amoumts will, as we have seen, be absorbed from the .
animals' intestines, and only a’ small proportion - say 10% - of this might end :

up in edible parts of the animal; allowiag also for mans' own exaretion it ia

found that the body burden retained by a man who eata, over a period of time,

‘ote whole contaminated animel would be small compared to the permissible

figures and we need have no concerm on that accoput,.

llowaed
8q.metres,

Now suppose “Shat, in the first instance, the a
one tenth of the codtaminated fodder o grazing
ible ccntamnationq




Inhalation while particles are still airbarne

Suppose that we have a cloud of unfissioned mteriel or fission products
whioh is 500 metres deep, settling out uniformly over a given area over a period
of 1 hour, 80 that anyome im that area is Wreathing in radioactive material for

1 houre Assuming a breathing rate of 1 m’/hr. and 2% retention, and using the
marimgm permissidble amoumnts previously quoted, we have as our meximm permissible |
ajr concentrations:~ L . C .

239 ¢ 0.000h-,uq/up A . ' \
1 hr. fission products 0.1 no/m? gur.o risk)’

1.0 mo/w’ (slight risk of temparary
sicknsas) :

We can thus imagine & column 500 m. in height and of one a2 arosa-section settling
out over one m€ of ground and containing the above concantrations. This will
eventually give us maximm permissible ground concentrations of

M2 - ‘ »0.2}.10/m2
1 hr. fission products 5 x 10“'}10/112 ézoro risk)
) 5 x 105)|o/m2 slight risk of temparary
. sickness)

Inhalation of stirred-up dust -

We ocan make ust Sera of the results of the trials carried out by the Home
Office and A.ER.E. 6 » which show that the air concentration per oubic metre
produced by the disturbance of dust (by shovellir:g, clearance of debtris, eto.)
io a contaminated area, was a fraction of 2 x 107 of the contamination per
sqe. e tre of ground. . . :

™239 is the most dangerous possibility in this case and to be eatirely .
safe we should assume indefinite exposurs to disturbed airborne dust (e.gethis -
covers the case of a man who spends most of his life on horseback). The long- *
term maximim permissible breathing conocentration for Pu % is

2 x 10"1_2/uc/cc.
or 2x 10"6/uc/m3.“

Using the above-quoted results tkis would correspond to a waximm permissible
ground contamination of . L : )

1_/uq/m2 .

In the case of fissaion prodicts the hazard will not be so long-lived., 1If we
take a countimious exposurs to ‘disturbed dust of 6 months as the warst possible
oase and negleot any radioaotive decay we find that the maximim permissible air
conceatrations are ) .

~o

5 x 107 mg/w? (zero risk)
5x 1074 wo/a’ (slight risk of temparary sickness)

"and the corresponding grmnd conoentrations

2.5 x 1d’}xo/l2
2.5 x 105)10/1512 )

Iajection into the blood-stresm through cuts, eto.

Ignoring direct deposition, let us
consider a men falling over on contaminated ground and all the active material
from, say, 10 ou® entering ‘a soratch or wound and passing into his bloodstream.

-6
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®

l‘he mximn amounts he should absord by direot iuJoction are

P39

1 hz-gfisaion Produots

00001.)10.

001 |- -

Our meximm permissible contaminations are therefors

P29

L " hr. fission pro'dubt.
, ,Jd/ﬂ' The results of the abova assessments are 8unmrisod below:-

1x105 c/u.

Tﬁ“’ Hazards from Pu2J9

Max, permissible
contam:l.gation :
ue/m

Hagard

ia

Direct deposition in driuking water

Indirect deposition ian drinking
water over years

Direct deposition on human foodstuff
Deposition on animal foodstuffs |

Inhalation of stirred-up dust
Injection into cuts eta.

0.8

0,24
B : 1.7

ealr 0.0l
Inhalation of cloud before gettlingout 0.2

1.0 -
0.4

COrrespondmg coneg. of 1 hr.f.pa.
B:.;lodton eatim:te of relative
B ESSt e
3&7'2)(19 : 20
Sxmteh 10x/0t ok 08
Tt @? 2§ /0 &8 4/
ot 51 x4 =+ O
Supr06 2960 gps g-4c
21O/« k(O] = 2
| +red 55 v ot "} /0

Table EII.

Hazards from fission produsta

Hazard

Maximum perwmissible contamination of 1 hr.f.ps.

= Pigs. given are for exposures begj,nnin,g at 2{; hrs, as representinz the worst case.

It can be seen at a glance that ths ‘conoentrations of fission products

corresponding to all the permissible contaminations of Pu ars so far in
excess of the limiting cases for the fission products. themselves that we
need oomsider the problem of the Fu no further. ,

Discussion-

(a) It wanld appear to be a aiq;le gattBr , once the acceptable degres of

risk has been decided upon, to accept the lowest figure in the above
tables a3 the maximm permissible contamination without further discussim
There are certain faotars, however, that cannot be overlooked:-

-7

o

zero rishY ™ slight riek| zerd & Tak| alight ek
- Whole body beta & gamma radiation m| 0.7 x 10% | 0.6 x 105 | 1.2 x-10~3 1 x 102 °

Local beta-irradiation of skin = | 1.8.x 10% | 1.5x105 | 3 x 10=3 (2.6 x 10~2
Direct deposition im drinking water | - 6 x 103 6x10% | 4 x10°3 | 1 x 10-2
Indirect deposition in drinking - o i ‘

water over years 5 x 10°. - 8.0 » 1072 -
Direct deposition on human foodstuffs 1.3 x 10"‘ 1Jx 10° 2,2 x 10~3{2.2 x 10~%
Dixs':::rieposition on animal food ) - 1(4‘ _ “x 10'-5
Inhalation of clcud before settli.ng : . .

out ‘ '5x10%-, | 5x10° 8.0 x 103i8,0x 10™2
Ishalation of stirred=up dust 2,5 x 10+, 12,5 x10°  [4.0 x 103 L4.0x 1072
Iajection into cuts, etce A 1 x 105. - 1.7 x 1072 -
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S @) lb.v of the calculations ocnocrning tbe :Lngution and iuhalation
hazards are, of wecessity, meu':rk and teund, if anything, to
over-estimate the huu-d.

"(i1) Certain hazards sueh as the direct aqpomj.ou of activity in
drinking waterconld be avoidod by tald.n; Proteotive measures
before the evemt,

(111) Others, ‘the longer=term ones, cou].d be checked' and dealt with, -
if necessery, by ovaouation of limited areas after the cveut.

(iv) A11 the harzards deauribed may well bo additivo, i.0. One individual
may be expoaod to all of them.

S ") .
(b) The limiting oase on pupeﬁff/:s t!!hg dcpo_aition on animl foodstuffs

() At about 1 x 10* o/n we have the "zero risk* ﬁ.gurea for whole body
external beta.-{“ radiation for local beta-irradiation of the skin,

and for direct deposition on human foodstuffs. JThe—laiier, ageiay;—4is

—of- i oy " . The former
tbou is inescapeble 'and cannot be argued about: the figure of
Jx is, of courss, for "zero risk" and can be increased by a faotor .
of ight before it came into the “slight risk of tempora.ry sickness" ;
oategory, but in countenancing swh an inorease it is neceasary to
romember that we are now accumlating quite a number of hazards, the
effeoct of all of which will be- edditive. :

(e) It is time now to make ‘some specific recomendations. It is suggested

(i1) 4 x 10% ug/m? would probably involve zero risk but where an
individual was exposed to mare than oue hazard at a time,
the additivity of the effeoct would cerry him into the “risk
of tompa-a.ry sickness" ocategory.’

(141) Any significant increase in the figure of 4 x 10% pg/m? must
be assumed to involve & risk of lasting or at le);st unpleasant
injury and oannot be regarded as aooeptable.
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