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1. INTRODUCTION

Higvh—er‘lergyil particle accelerators have been used primarily as
physics research .instruments. Due, perhaps, Ato the haste at the begin-
ning for exploifiog them, very little thought was given to oonsidering
safety measu_res, and as a result, the_ radiatioo environments of these
accelerators were initially unknown. The ignorance of accelerator radi-
ation proteotion in the‘.l‘afe forties and eariy fifties, as described byv
Rotbla.t(i), led to undergfourid construction of many of the early synchro-
cyclotfone(Z), avoiding, but inhibiting any fundamental.understanding >of,
radiation probiemé(3, 4).‘ 'Thie soiution could not be continued indef-
in'ite.ly. Ae aecelerator's grew in physical size, energy, and intensity,
and were applied more widely to the problems of medicine, industry,
and reseerch,. the concern for personnel safety and the pressure of eco-
nomic considerations made it necessary that accelerator radiation stud-
ies be:plaoed on a systematic basis.

' Concei‘h for per’SOnriel Sé,fety was given ﬁnpetus toward the end of
1948 when it became known that several nuclear physicists in France
and the Un1ted States who had been exposed to rad1at10n produced by a
cyclotron, had manifested incipient cataract(S). Review of these cases
drew atte'ntion' to the poor status of radiation dosimetl;y, particularly
that of neutrons, at high-energy accelerators. At some cyclotron lab-
oratories immediately there followed extensive effort to improve dosi-
metric techniques(6, 7): effort further stimulated by the need to reduce

radiation levels around accelerators because the successful performance

1'Any. definition of the term 'high energy' is necessarily arbitrary. For
this review, we may use the term '""high-energy accelerator' to mean
those accelerators capable of generating w-mesons. This will include
‘most synchrotrons and synchrocyclotrons.
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of experimental research often demands radiation intensities one or two
orders of m5gnitude below the maximum level réqtiired.for personnel
safety.: The orderly investigation of accelerator-produced radiation
required morle'evmpha,sis on general solutions tha.,nvwas usual in health
physics. Ov;er the past decade our knowledge of hi‘gh-renergy radiation
environments Iias made significant‘advanc\es(8-__1 6) with the operation of
several accelerators in the GeV e‘nerg'y region é.nd the design, construc-
tion,. and 'oper'a,'tio'n of several accelératoré in'thé .energy regionvof 10 to
400 GeV.

| At high-energy aéc‘élerators a 1ai'ge variety of particles may be
produced, extending over a;widg range of energies, and their measure-
. ment presents manjr 'iiovel'pi'obllems. ‘Itzwas, t_her‘efore, necessary to
investigate in some detail the production and transmission through
shieldiing- of a‘ccelerator-producéd radiafion. Ra.idiation dfatectors ini-
tially.dv,evsigned for nuclear physics research are the natural choice for
such investigatiohs. With the understanding provided by such detectors,
all the ‘i'equirern‘ents of a ra.diati‘on protection program may be under-
taken(7): possible radiation hazards may be anticipated and their mag-
nitude estimated; protective shielding may be designed and operational
procec’lures selected which permit efficient operation under safe condi-
tions; the res;ionse of any radiation detector may be correctly inter-
preted, and, finally, radiation survey instruments with response ap-
proximately proportional to dose equivalent may be designed for use
in a limited rahge of environments.

The lessons learned from the development of techniqueé of mea-

surement in mixed radiation fields and their interpretation are of gen-

eral interest because they bear directiy on the problem of developing a

Q’l
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general, self-consistent scheme of_doaimefry in radiation protection
(47-20), Fu',rthermore,' experiencé has shown fhaf the radiation environ-
ments of high—energy acceleré,tors'are in maﬁy respects vsimilar to those-
produced by lower-enérgjr accelerators or even nuclear reactors: neu-
trons and photons are the dominant compoﬁents. So, the techniques of
mea.sur_erheht devéloped_ fof_ their radia.tiori fields may be applied equally
well to both high- and low- e:r.xerbgy accelerators. _

Experience with accélerator-produced radiation has, until re.cently,
neéessar.ily Been limited to a relatively small number of research in-
stitutions. However, expdsure to acce.lera.tor—lik‘e radiation environ-
ments is no longer orﬂy of academic interest. Man's uses of ionizing
radiation in research, industry, and medicine have increased dramat-
ically over the past decade. This has been made possible by impres-
sive developments in a'cc'eléra.tor design.

A large variety of particlé accelerators capable of accelerating
S a wide rénge of pax.'tivvcles-‘ tc; high energy with high beam intensities is
now commerc':‘ially évailéble.' We aﬁtiéipafe a rapid increase in their
industrial application to a host of diver‘.se tasks, which has only just
begun(21, 22). Burill(23) has documented the inéfeésing uses of accel -
‘erators in in’dustr.y and medicine and shows the number of ’acizcelerators
in use to be i.ncreaséng at a rate of roughly 10% per year. Many of the
electron acceleratorslpresently being installed are of sufficiently high
energy to prdduce neutrons. Techniques of radiotherapy us!ing fast
neutrons, mw-mesons, or energetic heavy ions é,»re being extensively in-

" vestigated(24-26). If widely akcviopted, considerable numbers of hospital

personnel may be occupationally exposed to mixed radiation fields.
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There ére, in addition; applications of téchnoldgy that result in ‘ |

exposures to accelerator-like radiation environments. For example, N

" the use of aircraft .for mass transpo.rta.tion will exposé large numbers
of the general population to a radiation environment similar to that pro-.
duced by high-energy accelerators(27).

There has recently b’eeﬁ ‘much speculation and some controversy
concerning the possible biological impact on Maﬁ of his increasing uses
of radiation(28). The effects of low levels on Mari.are not yet fully
understood, but what does seerh ‘pr'obable is that radiation effects due
to densely iqnizi'ng rad'iai:iéns (high LET)Z.will be greater than those
due to lightly ionizing radiatibns (low LET)(29). As we shall see, the
radiation enviljonm'ents of many accelerators are particularly rich in
high—LET radiation; so, as the uses of accelerators increase, more
people may be exposed to high-LET radiations.

In a recent report published by the International Commission on
Radiological Protection (ICRP), it is suggested that, in the foreseeable
future, high—LET radiations wil-l contribute only a small fraction of the
totall general exposure( 30). Nevertheleés, from our present understand-
ing of radiation effects, it is entirely possible that high-LET radiations
may have a greater biological impact than t}Iﬁs relatively small contribu-
' tion to exposure might suggest. The possible biological consequences -

of exposure to high-LET radiation certainly merit continuing study.

2LET is an abbreviation for Linear Energy Transfer.



'

In a short review such as this, it is not feasible to attempt an

encyclopedic coverage of the entire field of high-energy radiations.

Rather, we have attempted to set the developmert of the subject over

the past decade in somebperspective by emphasizing those expérimen-

_tal and theoretical advances we believe to be of the greatest impor-

tance..
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2. RADIATION ENVIRONMENT OF ACCELERATORS

Despite the large lva.r’iety of high-energy parti_i'cle accelerators,
both with respect to beam characteristics and _ﬁtilization, their exter-
nal radiation environments are often quite similéf, and are dominated
by photons and neutr_bns. |

I'.n. many branches of health physics it has been’ customary to
quantify radiation fields solely in terms of gross properties such as
exposure.', absolrbed dose and dose equivalent (see section 3 oh Radi-
ation P‘rotéc’tion). This. procédure is ina&équate ‘at accelerators. In
order properly to perform ‘t‘h'e ;:asité required of a health physicist at
an accelerator (such as personal. dosimetry, the design and construc-
tion of radi;tioﬁ—measuring instruments; general radiation and particle
beam dos.imetry, shielding design or determin#tion of induced activity),
it is vital that the de.ta-iled composition 6f the radiation environment be
understood in terms of the constituent particles. The study of these
énvirdnmeﬁts in terms of the energy spectra of their éeparate compo-
nents is Sf:'ill in its early stages; techhiques of measurement and data
analysis are still béing developed, and more extensive measurements
are required. Consequently, the limited information that has ‘been pub-
lished, only describes neutron spéctra.. But, when supplemented by in-
formation from cosmic-ray experiments and neutron tré.nspbft theory,
some general conclusioné can be made concerning radiation fields pro-
duced by proton accelerators.

Shielding studies have shown that the radiation field reaches an
equilibriﬁm condition within a few mean-free paths ir;side an acceler-

ator shield (see section 4 on Shielding). The shape of the neutron
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spectrurh observed at a shield/air interface, is very close to that which
exists within the shield, but may be perturbed at the low-energy end,

due to the scattering and leakage through holes in the shielding.

A .High—Energy Proton Acéelerétors

In the latter part of the l'fiftiés, experience at the 184-Inch Syn-
chrocyclvotron '#nd Bevatron (Lawrence Berkéley‘_Laboratory) and at the
Cosfnotron (Brookhavén) estimated the qualitative nature of their radi-
ation envirohrhents outside thick shielding (31—34). Although detailed
spectré were noé 6btained; a ’g'ene'ra‘l' rule emerged for proton acceler-
atdré, showipg that neutrons between 0.1 and 10 MeV contributed more
than 50% to the total dose equivalent in the radiation.field; y rays and
low-energy neutrons contributed about 10-20%, with the balance made
up by neutrons greater than 10 MeV in energy. Patterson et al(35) ex-
plained’ this observation by suggesting that the equilibrium neutron
spectrum in the lower atmosphere which is produced by the interaction
of the érimary gala(;ti-c cosmic radiation (mainly protons), must be
very similar to that generated in the shield of a high-energy proton ac-
celerato.f. Somewhat later Tardy-ioubert(?:é, 37) noted that at neutron
energies above 50 MeV the neutron spectrum outside the 3-GeV proton
syn’chrotr‘o.n "Saturne'' shield, deduced from an ana.lys-%.s ;)f the prong-
number distribution of stars produced in nuclear emulsion, was éon—
sistent with the cosmic-ray neutron spectrum measured by Hess et
al(38). The relative uni'mportan.ce of protons is also explained by an-
alogy with the cosmic-ray radiation(3‘6, 39). At energies gfeater than

a few hundred MeV, protons are present in numbers comparable with
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neutrons; at lower ehergiés, however, protons are depleted by ioniza-
tion losses.

By 1965 there was sufficient experience at many high-energy pro-
ton_-acceler'ators around the world to confirm that the neutron spectra
outside accelerator shi_elds and the cosmic-ray spectrum were, in gen-
eral, quite»simila.r(i342-3i4, 36, 40-42); any attempts to measure pro-
toﬁ spectra have not been reported.

There were, however, apparent discrepancies in some data.
Table 1 (Ref. 43_4-5), giQe‘s a typical example. The relative composi-
tion of dose equivalent rr;eas;i'red through thick shi.elding above an accel-
erator target is given for a concrete shield and for an earth shield at
the CERN proton syhchrotron (CPS). The daté measured above the con-
crete shield are very similar to those reported at other accelerators,
such as the British~.7—GeV proton synchrotrbn(éi), and suggested a neu-
tron spectrum similar to that produced by bcosm_ic. fays(35), while the data
measured ab-ove aﬁ-earth shield indicated a rélatively large contribution
to the dose equivalent by bhigh-energy neutrc',;ns. Relative data, as in
Table 4, are not adequate to determiﬁe whether the high fraction of
dose equivalent contributed by high-energy particles was due to a def-
icit of‘ low-energy neutrons ér to a surfeit of high-energy neutrons.

For thig, more specific information .on the neutroﬁ spectrum would be
necessary. In thé past ten years more specific information on the
shape of the neutron spectra found around accelérators has been ob-
taiﬁed' by the use of nuclear emulsions and activation detectors(46).

Vefy little data curi'ently exists in the radiation environments of

" heavy-ion accelerators but it seems probable that there will be little
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qualitative difference from the features exhibited by proton acceler-

r

ators,
1. Neutron Spectrometry Techniques

a. Nuciéaf Emulsions. Lehman and Fe_kxila(47) have summar-

ized the neutron spectra determined at the Bevatron from the measure-
ment ofv r‘ecoil protons in thick nuclear emulsions by saying that the
general form of the stray neutron spectra (measuréd betwéen 0.7 and
20 MeV) at eight locations near the Bévatron is a brbad peak in the 0.5-
to Z-MeV region, followed bjr a smooth 100-fold drop in value between
the peak and 12 MéV. 'Uhfortunaf;el}}, iproton recoil measurements in
emulsions are unreliable aibo‘ve about 20 MeV, because track loss cor-
rections become difficult. Nuclear emulsions may"vbe used at higher
energies.,‘ howéver, to give some indication of the slope of a smooth
neutron spectrum assumed to be of the form E_.n, if the average num-
ber of grey prongs per star is determined. This was first done for
cosmic rays(48), | but tile technique has been refined and used outside
éhielding of .accelérators. at Berk‘eley(.4'9—-51v). Values of spectfal
slope, n, ranging between 1.5 and 2.0 were obtained at the Bevatron
and the CPS and are consistent with threshold detector data.

b. Threshold Detectors.‘ The use of threshold detect‘ors is a

well understood and universally é.ccepted technique in neutron detec-
tion. This technique has found widespread applic'ation at mbst high-

ene;'gy particle accelerators and has been éxtensively described in the
_ literature (36, 41,52-55). Detectors of high sensitivity over the -entire

energy range normally of interest at accelerators (0.1-100 MeV) are

available. For radiation protection purposes, detailed knowledge of
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the neutron spectrum in the energy raﬁge from thermal up to about 10
keV is rarely required because, as we have seen, intermediate-energy
neutrons are .usually of little importance. The dose equivalent per unit
‘ﬂu.envce is independent of neutron energy below 10 keV, and usually a
simple measurement of flux dens;tjr is sufficient. However, detailed
spectral information in this energy range may be obtained, if reqﬁired,
by the use of several Bonner spheres of different sizes (56, 57).

c. - Spectrum Determination. Measurements with several thresh-

old detectors, whose excitation functions are known, provide informa-
tion on the energy distribution of the neutron flux density. Specifically,
a solution for the neutron spe‘ctrum ¢$(E) is sought from a set of activa-
tion equations of the form:

E

—max .

0,(E) $(E)AE  for j =1,2,---m 1.

J»
1

min

where é.l is the saturation activity of the jth detector,

?i(g_) is the cross section for the appropriate reaction at
energy E,
Ql is a normalizing constant between activity and flux

density, and

E . ,E e . .
—min’ ~max are the minimum and maximum neutron encrgies

in the spectrum.
Equation 1 is a degenerate case of a Fredholm integral equation
of the first kind. Formal methods of solution are not applicable when,

as is the case with activation detectors, the _I_Xis and ai' 8 are known
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| only aé a set of discrete points(58). Early attempts to obtain neutron
spectra from activation detector data were frustratéd by difficulties
éuch as non-uniqueness or an oscillatory (and even negative) character
to the solutions to the Fredholn'i equations. Some of these problems
‘arise from ‘the rrié.then#aiiéal ché.i'aci:eris‘tics of the equations to be
soived, while others arev ‘rela.‘tved to the spécific method of solution
adopté(i. Ro.utti(5'8) has cvi'itically reviewed the numerical techniques
commonly used forvsolution of such first-order Fredholm equations,
and the interested reader is referred to his pa;pér' for a detailed ac- |
count,

Routti éuggests that a suitable method of >solution must bé able
to 'combine the info.rmati‘on contained in the measuréd data with existing
informa’tion of the neuti‘on spectrui’n. Thué, for example, the solution
must be non.—negativé and zero beyéﬁd a given maximum energy. In
addition, the speAct.rﬁm;of' r;diation ‘pehetrating thick shields éonétruc—
“ted of a compléx material such as concrete is assumed to be smooth.
Some information on intensity or shape may be #vailable from previous
m‘easurer’nents.A However, care must be taken to ensure that tﬁe conse-
quent additional constraints imposed on the spectrum do not prevent it
ffom matching the measured responses or from assuming a‘n‘y physically
acceptable shape.

It is important that é.ny method of solution be testéd_to ensure that
ﬂit méets all these requirements. This is most conveniently done by
computing how the system‘ responds to test spectra. Thé resolution of
the._ system and the influence of experimental errors or uncertainties in

the detector response functions may then be sytematically studied.



o -12-

Routti has applied a generalized least-squares method to solve
the activation equations in a computer program LOUHI(59). In his tech-
nique, the solution is »forced to be non-negative, and prior information
on the spectrum can be incorporéted. Considéra_ble experience has now

‘ béeh obta,rinev.d and LOUHI has proved to be extrefnely reliable and capa-
ble of calculating neutron spectra with adequate accuracy for radiation

protection purposes.

2.. Typicé,l Neutron Spectra Measured at Proton Accelerators.
The application of threshold detectors to accelerator radiation envi-
ronments at several laboratories simultaneously, rapidly expanded our
understanding. |

Figure 1 shows several typical unnormalized neutron spectra
obtained outside thick shields at proton synchrotro_ﬁs, where E¢(E) is
plotted as a function of neutron energy [ ¢(E) is the differential energy
spectrum ]. In such a plot, 1/I_E_ speétrum becomes a horizontal line
('Figuré 1a). This representation of the Hess cosmic-ray spectrum
(Figure 1b) cléarly shows the large excess of neutrons in the MeV re-
gion (due to evaporation processes) in comparison with a 1/@ spectrum,
At lower energies the spectrum is 1/E in characfer, but there is a
noticeable dearth of thermal neutrons.

The neutron spectrum obtained above the concrete shielding
around targets at the CPS is shown in Figure 1c. (Compare with Table
1.) The _spéctrum is seen to be 1/E in character from about 1 MeV

down to thermal energies. This would be expected from neutron slowing-

down theory in a hydrogenous medium, such as concrete. At about 1
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MeV the evaporation: pe‘ak, also evident in the Héss spectrum, is clearly
seen, and‘the'spectrun‘l sho@é a i.'apild‘ decline at énergi.es above 50 MeV.

Figure 1d shows th‘e\ neutron spectrum measured above the earth
shield of the CPS. (Compar¢ with Table i.) This spectrum is depleted
of neutrons below about 4 MeV, but in other respects is similar to the
spectrurh shown in Figure 1c. The water content of the earth shield
th,rdﬁg'h which the neutrons penetrated was.very high (approximately 15%‘
by weight)_.‘co‘mp_ared to concrete (few percenf by Wéight;) and so this
paucity ‘o’f low-eﬁergy neutrons is to be expected.

fI’he'.neutron spectrum outside the Bevatron shielding (Figure ie)
is interme&iate in chér;ctegr between the two spectra measured at the
CPS and suggests that the hyarogen content of the concrete at Berkeley
is higher than that at CERN. (To the authors' knowledge this specula-
tion haé .nev:er been tested.) '

‘ Finaily, Figure 1f shows the spéctrum around a steel-shielded
proton beam of tﬁe British 7-GeV synchrotron.r Compared with the
other svpéctrva showﬁ, a large buildup of neutro.ns below 1 keV is seen,
and ;15 attributed to leakage of low-energy neutrons through holes in the
shielding(60). It is un_likely; however, that this is the éntire explana -
tion because such a buildup is 'frequently observed outside s;el:el shields,
For example, measurements of the neutron spectrurh emerging from
the main Bevatron magnet identified a.very large component near 100
keV(34), while Perry and Shaw(41) ob‘servedv large increases in radi-
ation levels when steel replaced concrete inv shield construction.‘ How-
ever, reéent theoretical calculations of the neutron spectrum produced

in steel by the interaction of 200-GeV protons do not indicate a build-
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up.(61‘). ‘Such a discrepancy shows ‘that altho{lgh .we now have a fair - -
understanding of high-energy envir.onments, rﬁore needs to be done,

It will be shown later how such neutron spéctfal data may be
used to calculate dose equivalent. Gilbert et al(52) have given the
distribution of dose equivalent as a function of energy for several of the

neutron spectra shown in Figure 1.

B. Electron Accelerators

Early measurements at high-energy electron accelerators were
.p'rinc'ipally concérned with the development and transmission of the
electromagnétic cascade through the shield(62-66). These studies con-
firmed that thére was good theoretical undei'standing of these proées-
ses (67). Photon spectra at ,acéeleratofs up to now have not been mea-
sured, but a B-y spectrometer and a NaI_(Tl)' anticoincidence y=ray spec-
trometer have been ﬁsed to measure dose rate for space missions(68, 69).
The application of such instruments to accelerator radiation fields may
prove ilhiminating.

Bathow et al(63, 70) measured significant neutron pro-
duction at the DESY 4-GeV electron synchrotron. De Staebler has
shown that at high energies and intensities the ré.diation environments
of electron and proton acceleratdrs will be quite similar outside their
shields(71). Increasing attention has been given to the measurement of
neutrons in recent years. Thus, for example, measurements outside
thick shielding at the Stanford Mark III 4-GeV electron linac showed that

neutrons were the dominant component of the radiation field; in addition,

a significant flux density of neutrons above 20 MeV was identified(72-74).
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Neutrons é.re a major component of the ré.diation'field(75) in the earth
shielc’i, at the 4-GeV electron synchrotron NINA,' and are the only signi-
ficant radia‘ttion.‘component' surviving at large distances from the SLAC
20-GeV electron linac. 3 Recentl_f Pszona et al (76) have‘ demonstrated
the dominating presence ofnéutrons around the 1-GeV Frascati synchro-
tron by rﬁeasurements with ionization chambers. |

- 'In making a comparison between the radiation environments of
electron”\and proton accelerators it is interesting t§ note that close to
the primafy proton beam, very high photon fluxes have been observed
ét the 7-GeV synchrotron Nimrod(77) and the (IZPS‘(SZ). rI.‘he source of
these plhotonsN has not been es'tablished,- but has been tentatively attrib-

uted to the decay of m° mesons produced by proton interactions.

C. Accelerators with Energies> 10 GeV

At high energies (greater than'aboutv 10 _GéV) the production of
energe_fic muons can be sufficiently great to pose a serious shielding
problem at both electron and p‘roton,accele_r'atorvs. Cowan(78) has reported
that substantial muon _intensities were observed déwnstream from tar-
~gets when the BNL 33-GeV AGS first came into operation. Several
authors including Keefe(12, 79, 80), Bertel et al(81). Theriot and
..Awls_chalon‘l(SZ), and Kang et al (83) have shown that for the new gener-
ation of accelle_ra.vtors,above 100 GeV, muons will dominate shielding re-
quirements in regions downstream of beam targets.

At these high energies we need more measurements of neu-

tron spectra outside of various shielding materials in order to study

D. Busick, 'SLAC; private communication.

/
!
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the influence of shield construction. In particular we need an exten-

sion of our knowledge of these spectra above 100 MeV. At these higher

energies it may prove to be technically more feasible to detect the

- equilibi‘ium pi‘oton spectrum, Penfold and Stevenson(84) have repofted
the uSé of a protdn- telescoﬁe‘to detect intense sources of radiation in-
side thick shields along an external proton beam. The application of
spark chambers to this problem should prove extremely helpful; Hajnal
et al (8 5)‘ have- reported the use of an optical spark chamber to study
the secondary-neutron enérgy spectra emergiﬁg from a 40-cm-thick
iron shield borﬁbarded by 2.9-GeV pfotoné. A.. Rindi(86) 'apd C. B.
Lim(87) have describedvthe construction of an instrumenf utilizing
multiwire spark chambers with ma.gnetostricfive readout which may be
used for measuring neutron and proton spectra up to energies of about

300 MeV in low-intensity fields.
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3. RADIATION PROTECTION

A, The Do,Sé EquiV‘aIent‘ :

The numerical écale ué'ed in radiation protection-is'expressed in
terms of the parafneter dose equivalent whose unit is the rem. Conceptu-
ally, dose equivaieht is :a measure of radiation used in fadiation protec-
tion, based upon its ability to induce disease (somatic and genetic injury)
in humé.ns, who are chronically exposed to low intensities of ionizing .
r_adiations(v88). (A complete definition of. dose.eqtiivalent would more ad-
equately de_fing the terms "disease," ""chronically exposed,' and ''low in-
tensities.!" However, with\ our present limifed understanding of the bio-
logical effects of ionizing ‘radi‘att:ions in humans, such a definition can only
be approximated.) l Receni: diScussions in the literature on the methods of
ev"aluatih‘g the dose equivalent in high-energy ra’dié.fion fields, have clar-
ified the 'cc.).ncept of dose equivalent. So, we Believe it is useful to review
this development. |

Eafly observations in radiology and bradiobiol'ogy suggested that the
dominant parameter which largely determined sﬁbs equent injury to ir-
radiated tissue was the quantity of enei‘gy a.bsofbed per unit mass of tis-
sue. (Ab'sorbed dose is usually measured in units of gads where 1 rad=

» 100 ergs g-i.) More sophisticated experiment’s‘showéd that absorbed
dosve was not an éntirely adequate parameter, and that: to better express
biologiéai damage, absorbed dose.had to be weighted by ot{her param-

eters, which depended upon the charactefistiés Qf_the 'r-adiation. This

.problem was empirically solved in radiobiology by expressing ex-

posures to different radiations in terms of absorbed dose of some stand-

‘ard radiation (usually x or vy rays of specified energy). Thus the bio-
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logical effects of irradiation by all different types of radiation would

be identical to that from x rads of standard radiation where

and I_{_i is the Relat_i.ve Biological Effectiveness (RBE) of the ith

radiation defined by R =_DX /_1?1 , and D., D, are, respectively, the
absorbed doses of the standard radiation and the _ithv radiation required
to produce the same biological effect. |

The quantit;f defined 1n Equafion 2, that is referred to in the lit-
erature as the RBE dose, is clearly an equivalent dose of standard radi-
ation and has the same physical dimensions as those of absorbed dose
[as does dose equivalent(89)]. Radiobiologists have measﬁred many
RBE' s, even for a specific type of radiation, depending ui)on the bio-
logiqal system, the biological effect consider.ed,vthe dose rate and dis-
tributioh, and many other biological and physical factors., One param-
eter found to have an important influence on the RBE is the average
LET, or collision stopping power of the ionizing radiation. [LET still
continues to play an important role in the thinking of radiobiologists
although recently some have suggested it has only limited valﬁé in
specifying radiation quality(90-92).]

For radiation protection purposes, the appropriate "RBE' s
required would be those for chronic low-level exposures of hufnans.
The biological effects of low-level exposures are not entirely known
but probably include carcinogenesis, leukemia ihdﬁction, life-span

shortening and deleterious mutations. There are no data on these bio-
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logical effects in humans exposed at sufficiently low doses and dose
rates;, and furthermore .it seems unlikely that data will be directly ob-
tained in the foreseeable futur,é, since such human expériments are not
feasible. Nor does it seem likelyfhat ‘epidemiological studiés will greatly
élleviate'thi.s s'it;uati'o.n, if the risks of somatic ihjury é.re of the magni-
tude estimated by the International C;)mlrlni_ssion on Radiological Protec-
tion (ICR_P)(")3, 94).i Any v‘alues of RBE currently used in radiation pro- -
~ tection are,therefore, extrapolations from epidemiological studies of
hﬁmans acutely exposed or from animal experiﬁlents, and are essen-
tially administrative in cha;ré,cfer.

The solﬁtiqn a.dopted‘by the ICRU/ICRP was to express the '"RBE
used in radiation protéctibn" asthe product of several modifying factors.
Provision was made for several such factors. including those which take
acéount of LET v(the Quality Factor), the. nonuniforfn spatial distribution
of absorbed dose; and differénéés ;in the vabs‘orbed dosé rate(95). For
extérnal radiatién exp'orsulle', howevei‘, only the Quality Factor (Q), which
accounts for the/differencé in LET of ionizing radiations at the locations
of interest, is defined. When ionizing radiation of more than one LET,
L, is present at the point of interest, the dose equivalent at that point

. , . N
may be expressed by a modification of Equation 2 as (96)

In practice,the ionizing particles producing the absorbed dose

have a continuous distribution in L, and Equation 3 becomes(97)



-20-

c

—max

QL) DLydL .

E:

ot

where D(L) is the absorbed dose per unit interval of LET due to par-

ticles with LET between L and L + dL. llmax is the maximum value

of LET at the point of interest. Dose equivalent in high-energy environ-
ments is évaluated fromaknowledg\e of the parameters of the radiation
environment by calculating the D(L) distribution as a function of depth
“and using the relationship between Q(L) and L defined by the ICRP(98)

(Figure 2) .

B. Dose- Equivalent —Depth Distributions

It is the current practice of regulatory ofganiza.tions to set max-
imum permissible lifﬁifs for the dose equivalent (MPD) in certain so-
called "critical organs' such as the gonads, fed bone marrow, thyroid,
etc For radiation protection purposes the dose equivalent in these
critical organs must be calculated to determine whether those MPD' s
have been exceeded.

The quantity H, as defined by Equation 4, in principle may be
caléulated as a function of position in the human body, under any irradi-
ation conditions, In practice, however, such detailed calculations, in-
volving as they do complex details of geometfy and nuciear interactions,
“require extensive computing facilities for their execution. Further-

\ :
more, even with the aid of large digital computers, certain simplifica-

tions have been necessary to make the calculations tractable.
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At present .mo’st calculations have been rﬁéde under limited radi-
ation conditions for uﬁiform, s‘erhi‘-infinit_e sia.bs of tissue-like mate-
rial (e.g., Watel;, ; polystyréne,' ”standard-tis’s'ue”), but an increasing
numbér of calculations .are' being niade for finite i)h#ntoms ( parallelepi-
peds, cyclinders, elliptical cyl-inderé)’. vInaddi'tion,v.attention is being
givento the effects of honuniform body compositions(99). Inthe case of ir-
radiat:'vlon‘by neutrons, several summaries of these calculations have
"been publiéhed(_100);v comparison with experimental measurements in-

dicates good agreement(4101).

C. Cofxvefsion Factors

In éeieéting é singlé set vdf-‘ particlzle—flux—‘dbensity to dose-equivalent
rate conversion factors as ;. function of particie .'e'nergy, it is conven-
tional to choose those irfadiatioh conditions tha.tb maximize the dose
equivalent in the body. These,generallyv occur for unilateral irradi-
ation by a ﬁormally ‘incident beam bf particles. In addition, suéh con-
version factors are derived from the maximum in the calculated dose-
.equivalent-—_dosecdistr_.ibt.lt‘ions. f‘igure 3 show.s.conversion factors for
electro_ns,. ﬁeutrons, photons, and protons derived in this way by
ICRP. In practice it is usually necessary to évaluate dose equivalent
due to partiéles distributed over a range of energies.

The dose-equivalent rate H may be approxiniated by the equation

E
~max

E_min

(E)dE/g(E), s
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where .g_(g) is the appreprjate conversion factor for particles of erie'rgy
E, ~and Emm Ema are the appropriate energy limits.

Because the conversion factors g_(E) are derlved from irradiation

cond1t10ns whxch maximize the dose at each energy, the use of Equatlon

5 may overestimate the dose equ1va1ent ‘due fo a continuous particle
“spectrum, quuation' 5 expresses the sum of the mexima of the dose-
eqtiivaient depth cﬁrves at each energy rather than the maximum of the
sum of the dose-equivalent distributions from each component of the
specfrum(iOZ). | |

: Fer irradiation by i)articles extending over a wide energy range,

Shaw et al ‘(1 ’:I) heve eugge:si:ed that the dose equivalent should be ob-
tained by calculating the dose equive.lent distribution in the body due to
the entire spectrum. The maximum dqse equivalent in the body (or the
dose equivelent' in the internal organs) maythen be evaluated. They
have repo_rf:ed such calculations for some typice,lw‘a',ccelerater neutron
spectra (I;‘igure. 1) and showed that the use of Equafion 5 with these si:ec—
tra was accurate enough for practical purposes. This may l;e seen
from Table 2, which compares effective conversion factors averaged
over the entire energy range. In column 1 is g1ven approximate values
obtalned u51ng Equation 5{ reported by G11bert et al (52)]; Column 2
gives more precise values reported by Shaw et al (17). There is essen-

tial agreement between these two sets of values.
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4. SHIELDING

‘,As‘.r_ecve.ntly as 1960, Jaeger described the’ design of high-energy
radiation shielding as "'rrllc'.)re an ‘ar_t‘”tl.l.an a science' (103). During the
period 1960-1970, several experiments at high-energy electron and pro-
ton accelerétors'as well a.s thébret‘i'cal studies of the prbpagati;)n of radi-
ations through shlie'lvdi'hé ‘have 'r'avdivc‘ally c'hang.ed‘ the state of the art. A
critical review of mé.ny of these ekperiments has recently been given
by_Patterson and Thomas(3, 4), and Ranft(104) has compared experimen-
tal data with Monte Carlo calculations.

The immediate aims of the early expe»rirn__'entsv were to obtain a
quélitative.understanding of thevtransmissi'on of accelerator -produced
radiation, to express this understanding in some physicaily plausible,
but 'erhpirical fnanner, and, fiﬁa.ily, to make this empirical formulation
quantitative. As our understanding of radiation transport increased,
experiments became more sophisticated in an atfempt to understand the
development of electromagnetic and hadronic cascades in matter. Now,
as thebreticé.i techniqués becorﬁe increasingly féliable, experiments
are designed with a view of testing (é;r;d improving) theoretical models
of transpoirt phenomené.. |

!

A, Phenomenblogical quels

- Consider an effective point source produced by protons interacting
in a thick target (Figure 4). The radiation level on the outside surface
of a shield may be written, by analogy with the corresponding photon

shielding problem as
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) “d(6)\ d%n(T, 6)
H= ? ‘S‘ BI) 1_3_(1) €Xp )‘(I.)/ : dT ET9) d,Z9 6- . )
where r is the distance from the source, v .
_’I‘ is the neutron energy,

"is a factor which converts fluence to dose equivalent,

I

d * is the shield thickness,
X is the effective removal mean-free path,

is a buildup factor, and

aTdw is the yield of neutrons.per unit solid angle between T
and T + dT at angle 6. (See Figure 4.)

De Staebler(8) wrote Equation 6 as:

'.1' Y -d dn .
,}i:_zz BiEy exp (%) "\@w), v
r - - - L/ 1 .

Whe'fe the subscriijt i denotés a range of .neutr_on energies Ifor which

B, F, and \ are fairly; constant and the definition of (dx‘ydﬂ) is obvious.
Moyer(105,106) made an extremely important contribution when

he recognized that Equation 7 may be ;.pproximated by a single energy

group because the nature of the radiation field outside the shield of a

high-energy proton accelerator will be determined by neutrons with

energy greater than aBout 150 MeV. Neutron atteﬁuation lengths above

150 MeV are roughly independent of energy, but diminish rapidly with -

energy below about 100 MeV. Consequently, thé greater yields of low-energy

as comparedtohigh-energy neutrons, atthe primé,'ry interaction, will be more

than compensated for by the greater attenuating action of the shield for these
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neutrons. Deep in the shield, high—energy (E> 150 MeV) neutrons re-
generate the cascade but are pre,s,evnt.-in» relatively small numbers. At
-a _shield interface the radiation field observed consists of these '"propa-
gators, bo._l;n close to the prirﬁary radiation source, accompanied by
many particles of much lower energy born near the interface. Equation

7 therefore bééémes

. Ng6)

_Iioc -—:—2—— -exp(-g/)\_).: : | » 8.
where g is the proton intensity incident on the target,

6 is the a;ngle subtended to the beam direction,
g(0) | is’ the angular distribution of high energy particles at
_ the ’souv.r‘cel, ‘ o |
d  is the shield thickness, and
" N 1is the effective attenuation iength of high-energy neutrons.
The total neutron flux density (and consequently the dose-equivalent rate)
will be proportiona'l'.to the high-energy neutfon flu.x density. Because thelow-
~ energy components are produced by interaction of the high-energy pro-
pagators, their intensity decreases through the shield in an exponential
mapnef with effect'ively‘ the same attenuation leﬁgth for all directions
through the shield. |
Moyer(iOS, 106) genefat’ed appropriate p}a:ra,meters.to be used in
Equation 8 in caléulatihg shielding for the Bevatron. Smith(54) has
described the e;xcellent agreement between me#sﬁred radiation levels
Qutside the Bevatron shield and those predicted by Moyer. |

!
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Many shielding experiments have subsequently confirmed Moyer' s
basic assumptions. For example, Smith et al (55) used threshold de-
tectors to measure the spatial variation of flux density produced in con-
crete bombarded by 6-GeV protons. Figure 5 shows the relative flux

27A1 - '24Na reaction (threshold

density distribution, measured “by the
6 MeV)- alo’n"gv, paths drawn at several angles to the incident beam direc-
tion. The transmission curves are seen to be exponential and essen-
tially parallel, Within the limits of experimenfal accuracy. Similar
results were obtained with detectors utilizing the 12C - 11C reac-
tion (threshold 20 MeV). In addition, Smith et é.l demonstrated the
existence of an équilibrium spectfum by calculat{ng the ratio of the re-
sponse of the carbon and aluminum activation 'deteictors. Figure 6
shows that this ratio becomes constant both in the beam direction and
transverse to it. Equilibrium is evidehtly much  more rapidly attained
in the transverse direction than in the beam direction.

In the past five .years effort has been devoted to obtaining optimum

v

values of A and g(0) for use in Equation 8.

1. High-Ehergy Attenuation Length
It is readily seen that the results of calculations u’sing. the Moyer
model are most sensitive to the value of attenuation length used. At

high energies, particle attenuation is essentially determined by inelastic

interactions and so we might expect the appropriate value of \ to be given

by
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where N is the number of .atoms/crr?and Oin is the inelastic cross
section.

. Measurements of nucleon-nucleus inelastic cross sections as a

‘function of mass number are quite well represented by the formula

o, =43. a%7% my, for A >3, E >150 MeV, 10.

irrespective of whether the incident particle is a proton or neutron(107,

108). Substitution into Equation 9 gives

0.30 . -2

“p\ = 38.5A g ecm™“, 11.

v Qver the past fifteen years many shielding experiments have
been performed(ﬁ, 4)',‘ but accurate data are limited. | The earlier exper-
iments,'ih pa',rticulavl"‘, were éubject to many sources of error, especially
with regard to an accurate knowledge of the density of the shielding
material. Furthermore, in much of the earlier literature there are
conﬂi'cting interpretationd of the term "atténuation length''(3, 4). Of
the later experirnenfs, that'reported by Gilbert et al (52) at the CPS,
which analyzed the experimental data in terms of the Moyer model, ob-
tained a value of \ = 117+ Z.g/cm2 in earth, closé to that predicted by
Equation 11. Use of attenuation lengths calcu’lafed from Equation 11
is certainly consistent 'witﬁ the available experimental determination

of attenuation length. = -

2. Angular Distribution of Sécondary Particles
The exact nature of the angular distribution function g(6) that
shoﬁld,be used in Equation 8 is not immediately obvious. One approach

is to deduce angﬁlar distribution from measurements of particle flux
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density within the shield around the radiation source. Using such an
approa'ch, Gilbert et al (52) found that an angular distribution of the

form
g(e) =a exp(-l)_@) 60° £ 6<120° ‘_ 12.

well represented the flux density data measured in the earth shield of
the CPS. Inthese measurements a thin lBe—Al— target was bombarded

by 14.6vor 26.4 GeV/c protons. In their experiment the parameter b
did not seem to be sti‘ongiy dependent upbn primary proton energ&. _

~ Values of b in the range 2.4.2.4 radian™? -we.re_ reported by Gilbertetal
consistent with values of b around 2.5"reported by Stevenson et al (109),
using a similar technique, for a prirﬁary prqtoﬁ energy of 7 GeV.

The ahgular disfribution of secondary hédrons determined from
measurements around fairly thin targets is of more fundamental inter-
est. Such data are needed to test the validity of Monte Carlo and other
t_:ranvsport_ model éa.lculations, which are used increasingly to estimate
the magnitude of a variety of radiation phenorvnena. such as radiation
da.mage, induced .radioactrivity, and rgdiation intensity. Measurements
of momentum-integrated secondary—particle yields around internal tar- . |
gets are difficult because of poorly defined sour.ce geometry(52, 110).
Receﬁtly some careful measurements of the aﬁgular dependence of
hadron yields from various target materials bombarded by 3-GeV(111),
7-GeV and 23-GeV(112) protons have beenreported: Levine etal(112) conclude
from their measurements that the shape of the angular distribution mea-
sured with any particular detector is independent of primary proton energy

and, within the range 60° <6 < 120°, is consistent with the form suggested

«
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by Gilbert et al(52) (Equation 1:2). Table 3 summarizes values of the
parameter b obtained at 7 GeV, ‘from which it may be concluded that b
is strongly ‘dependent-upon the energy t'hréshobld"‘ of the radiation detector.
Cdmparison with the 3-GeV data of tAwsj_cha.,lorh and Schimmerling(111)
ix;xdiéates no Strong dependence of p upon primary proton energy. Figure
7 shows the data of Table 3. (A range for threéhold energy is
indicatved because different hadrdns !rlqajjr‘:produce the radioactive species
observed.) | |

In uSing the Moyer ‘rn_o.del» tp calculate transverse shielding for pro-
ton é.Ccelerators, the‘ appropriate a.ngulaf distribution g(6) is assumed to
" be that of particles with epergies greater_thap about 150 MeV(105). Ex-
trapolation of the data of Figure 7 gives a; value of b of 2.3+0.3 at 150
MeV. This value is in surprisingly (and perhaps fortuitously) good
agreement with thé values 6f b in the range 2.1-2.5 extrapolafed from
measurements deep in the shield.

The absolute yield of secondary hadrons depends both upon target
material and primary proton energy. At large angles the yields appear
to be dominated by contributions from.the intra_nu,cleaf cascade and are

not inconsistent with a variation proportional to A1/3(112)-. If the yield

y, is expreséed in the form
y = consfant . IEE . g(@)‘ , 13.

n lies in th:e>rang.e 0-0.5, depending upon the detector used, over the

" angular range 30°< 8 <80°, | |

Comparison of the experimental with the'ihtegrated momentum

speétra of secondary particles predicted by a modification of the semi-

empirical Trilli.n.g"prdduction formula(113, 114) indicates good absolute

t
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agreemehtat angles less than 30°. At largerva.rvlgles there is a diver-
gence between the experimental data and theoretical predictions for two
reagons: Firstly, this Trilling formula does not correctly describe the
produétion of particles with higﬁ tranverse morﬂehtum. Secondly, the
production of particles in the intranuclear cascade and by evaporation
processes must be correctly accounted for. Recently Ranft and Routti
hé.ve described suitab1e>emp'irica1 formulae which predict angular dis-
,tributic.)ns 1n good égreeﬁent with available experimental data at all

angles(115).

3. Accuracy of the Moyer Model
Use of the Moyer‘ model with appropriate input data, and under

fairly simple geometrical conditidns, leads to estimates of radiation

levels usually accurate to better than a factor of two. Figure 8 indicates o

the accuracir possible when experimental data are fitted to a Moyer -type
equat"ion. Calculated and measured neutron flu:; densities in the earth
shield of the CPS are shown(iié)". Flu.xes are}l plotted as a function of
longitudinal distance from an intelx;nal'target fo_r'-five different
depths in the shield. Flux densities were measured utilizing the
27Al(g, a)24Na reaction in aluminum. In ‘this particular example, flux
densitiés are predicted to about 20%, over a range of fix}e orders of
magnitude. - Esfimates of dose-equivalent rate follow frorﬁ a knowledge
of neutron flu# dénsity and spectrum.

For the calculation of shield thicknesses transverse to a proton .
beam, for uniform beam loss, the Moyer model takes a particularly
simple form. Substituting for g(Oi using Equatioﬁ 12, and using ex-

perimental data from the CPS it may be shown that
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. oa1L (. | d |
H = —(;—m exp (-2.36) exp (- <~ cosec 6)db, 14.
- T 0 '
where l—I_ is measured in mrem/h,

L is the beam loss in units of GeV/cm sec,

a is the accelerator tunnel radius in meters,
d is the shield thickness in meters, and
N is the attenuation length.

Integrals of the form appearing in Equation 14 have been tabulated in

the region of physical interest by Routti and Thomas(117).
Phenomenological models permit simple,. rapid, and fairly accu-

rate shield estimates. Furthermore, they provide a valuable physical

insight into the problems of shielding. Such models are, however, neces-

sarily limited by operational experience.

B. Monte Carlo Calculations

One of the mc;st important.adva..nces'in the study of accelerator
radiation environments over .the past ten years has been the development
of Monte Carlo techniques to calculate electrémaghetic and hadronic cas- -
cade _phenomena. These calculations have recently been reviewed by
R'anft(104),' and space does ‘not permit a complete discussion here. Ac-
curate and reliable' calculations of radiafion pheannena at accelerators
have required development .of an understanding not only of the interaction
of primary particles with internal targets and machine components, but
also of i)article pl;odu_ction resulting from primary pa'rticlé interaction,

‘the transport of these primary and secondary particles together with
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.their interaction products through matter and, finally, the conversion
from the’c.av.lculatic.)r'l of particles transported to observable phenomena.
Rahft has reported gdod agreement with experifnental data in such di-
verse areas as induced radioactivity, radiation doses, radiation heating,
and shielding. |

A good example of éhé é.gréement between theoretical and exper-
imental data is the recent calculation of the neutron spectrum in the
earth’ s.atr_n'osphere by Armstrong et al (118). T'hese workers used a
Monte Carlo code to compute the production of protons, charged pions,
and neutrons\ by;' the incident galactic protons, and the subsequent trans-
port of these particles down‘to energies of 12 MeV. The production of
neutrons of energy < 12 MeV as calculated by the Monte Carlo code, was
used as input to a discrete-ordinates code to obtain the low-energy neu-
tron spéétrum. Figure 9 shows the results of these calculations and an
absolute comparison with the experimental data of Hes.s et al (38) at
~ atmospheric depths of 200 and 1033 g/cmz. The calculated and mea-
sured spectra differ somewhat at lower energies but are in good agree-
ment at high energies. The increasing number of such examples of

good agreement between calculated and experimental data is extremely

encouraging. -
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5. 'INDUCED RADIOACTIVITY

The de\}é_lopment ahél trahspdrt of the elecfromagnetic and hadron-
ic caséadés v(sectibons 3 'and.4) aiéé resulf in the production of radioac-
tivit? in accelerators.and their surroundings. Accelerator shielding
; and accelerator componénts such as targ(ets; vvacuum chamber, mag-
nets and rf cai)iti_es; cQoliﬁg water or ground water close to the accel-
erator buildings, and air in the accelerator room may all become radio--
active to some degree.

Barbier(119) has summarized the mechaniém for the production of
radioacfivity at high-energy accelerators. In principle, all the nuclides
Which have atomic mass and atomic number eéual to, or less than, the
sum of the numl:;ers of the target pius projectile nuclei can be produced.

Many of the radionuclides that can be produced have half-lives so short

that they need not be considered in protection problems.

A. Radioactivity of Accelerator Components and Other Solids

The number of radionuclides which might bé produced is poten-
tially very large.  Fortunately the materials used in accelerator con-
struction are limited in number, the most important being iron, several
stainless steels, copper, aluminum, aluminum alloys, and several plas-
tics. | Charalambus and Rindi(120) have reported a table of all the
main radipnuclides that can bé produced at a typical proton accelerator.
They considered only radionuclides with a half-life longer than one hour
and show that about 70% of them are y-emitters. However, even shorter
half-lives may. be of concern for protection purposes 'if they are produced

in large quantities.
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Table 4 suﬁmariies the radionuclides commoﬁly identified in
matefial_s ﬁsed-in accelerators; those with half—liVés of less than 10
minutes are exclucied; ‘Mos"ﬁ of the radionuclides listed are pfoduced |
by simple nuclearirebacti(.)n»s such as (n, >_c__11),. -(B,"ir_l), (p, pn) etc., but
some résuit from spallation, fragméntation, or c;a.éture reactions.

Several measured cross sections for high-energy reaction have
been reported by Brunink(i 21-123). Rudstam(124) has proposed a very
useful empirical formula for their calculation, while Bertini(125) has
reported intranuclear cascade calculations of tile_se cross sections.

Because the number of radionuclides produced in accelerator com-
ponents is large and accélerator operation often variable, the production
and decay .of gross ra..d7ioa.'ctivit':yvr is a complex function of time. Notwith-
standing, 'vf_or _radiation‘proi:e;ction ‘purposes it may be necessary to have
some estimate of the dose rate, and its variation with time.

The decay of dose rate near the 6b0—MeV CERN synchrocyclotron
has been reported by Baarli(126) and Rindi(427). Reliable experimental
data of this type are few because of the diffiéulty éf obtaining them at ‘
most accelerators. During periods of accelerator shutdown, gross |
changes in the remnant radiation field may result from structural changes
in the a.cc.elera‘tor and its shielding. What data are available, however,
show that beginning a few miputes after thé shutdown, the dose rate decays
by about a factor of two invthe first two hours and by about another factor
of two within the next 50 hours. This is in agreément with measurements
at all the ,acceler'ators at the Lawrence Berkeley.Laboratory(i 28), and
B elsewhere(129). hdéed it seems confirmed by general experiencé that

the gross features of the decay of induced é.ctivity near accelerators
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that have been in operation for several years, are neafly independent

of the type v.of‘pa_rticles. accelei'ated and their maximum energy.
Sullivan and Overton(130) have shown that the dose—rate decay

" may be aéproximated 'by an equation of the forrﬁ

I+t
D(t) = Bo In(F—) | 15,

where  D(t) is; thé dose rate at time t after irradiation ceases, ¢ is the
flux denSit‘y of high-energy primary“particles,' T is the irradiation time
and B is a parémeter ﬁvh{ch depends on sever.a.l variables but is a con-
stant for any 'given set of irradiation, target and g_eometrical conditions.
Equation 15 is in good qualitative agreement with the form of the build-
ﬁp and decay‘ of doSev rates observed in an accelerator envir‘onment, and
in a recent paper ‘:Sullivan(i 31) has repQrted values of B for heavy inate-
rialé tha-t give reasonably good absolute agreement with observation.
More accurate ‘cah.lc'l.llatidrv_lsv require detailed Monte Carlo techniques of
the "t';pe"usi:ed in s},1ie1din'g calcu_lations. (See section 4.) »Armstrong

et al (132_;-133) have calculated the dosg rate res#lting from the irradi-
ationv of sﬁeel by-‘ 200-MeV, 3-GeV, and ZOO;GeV protons. For long ir-

52\ n(21 min),”®Mn(2.6 1), °Mn(5.64),

54

radiation times they find that

5

48V'(16 d),_ 1Cr(27.8 d), and Mn(280 d) are the dominant radionuclides

(Figure 10).  These calculations are supported: by recent observations
at the 76-GeV proton synchrotron in Serpukhov(134).

At electron accelerators,too, only few nuclides are dominant. For
éxample, Saxon(135) reportl_s that at the 4-GeV electron synchrotron
56Mn, 52.

NINA, Mn, and 4’8V are dominant in steel. Similar results

have been reported by Wyckoff(136) from exposure to the 100-MeV
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bremsstrahlung beam of the NBS linac. De Staebler(137) has estimated
the gross produétioh of radioactivity by a high-energy electron accel-

erator as some 34 Ci at saturation per kW of beam power.

B. Radioactivity of Air

Radioactivé gasés abre produced by ‘the interaction of primary and
seconciary particles Wi\th the nitrog‘én, oxygen, argon, .and carbon nu-
clei of air circulating in the accelerator vaulté. In Table 5 we show
the radionuclides which have been found in the air at different acceler-
ator.s._ Radionuclides withbhalf-lives less than oné minute aré of no con-
cern, decaying fo negligible activities before personnel can enter the
accelerator room or before the a.ir. can reach populated areas around the
accelerator. Long-lived activities, on the other hand, may be dis-
counted because of their low production rate. Such arguments, supported
by the measurements cited in Table 5, s‘uvggest that at existing‘ accelerators
only feur radiohuclides need be considered: 1VSO, 13N,v11C, and 41A. A
further increase in the energy or in the intensity of the accelerators how-
ever, could cause the production of amounts of 7Be and 3H which may .
be important.

Presently, the concentrations of radioactive gases measured in the
accelerator room a few minutes after shutdown, may range between 10
~and 30 times the MPC for continuous inhalation(139). However, the air
is quickly mixed with inert air and the radioactivity decays:rapidly so .

that the associated dose rate is negligible compared to that from the

solid machine parts.
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C. ‘Radioa,ctivity of Water

Radioactivity induced in cooling water circuits of high-intensity
accelerators ig potentially of concern for the following reasons: high
dose rates around pipes carrying this wé.ter, radioactive contamination
resulting from spil‘l's‘, and disposal probléms.. Rose et al (146) reported
that external radiatio'_n levels as high as 100 mrerﬁ/h were found at var-
ious rregions' close to the -%:ooling S}’r,s'te.rn of vtlr.le Harwell 150-MeV cyclo-
tron whe.n it was operated ;\"avith én .int.erna'lv beam of about 1 pA. Warren
et al (147) have reported dose.fatévs of between 0.5 and 4 mrem/h from
cooling water circuits along the accelerator striictur_e of the Stanford
20-GeV el‘e.rc‘tron 1iné_a.r acéelerator. Considerably higher levels are
found from heat exchangers for high-power beam dumps-~-rates up to
120 mrem/h being cbserved.

I.)istenfeld('143)b has concluded from measurements at the Brook-
haven AGS that with a proton beam intensify of 1_013 prot‘o.ns/sec the
external radiation hazard from induced activity in cob'oling water would
be trivial. 'VHow_everv, the dose rate .from large volumes of water, such
as heat exchangers or storage tanks, would be rhéasu,fable during ac-
celerator operation». Some rough experimental studies of the produc-
tion of radionuclides in water from typical high—-en‘ergy neut;on spec-

11

tra(148) have conﬁrmed C, 7Be, ‘and 3H as the most important ones

produced. The ratio of the specific activities of tritium and 7Be ex-
trapolated at saturation in samples of water irradiated under several
different conditions varied between 1.3 and 5.8. 'Disposal of irradiated

' water to streams would generally be controlled by the tritium content,

since ‘7Be is strongly absorbed in the mixed bed resins used for
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demineralizing the waters(149). Careful studies of the radioactivity

produced in water irradiated by high—enérgy electrons (147) have iden- .-

15 11

tified O, "C, and 7Be as the most important radionuclides.

D. Environmental Inipact of Radioactivity

The environmental impact of accelerators has been given some

study over the past few years. Large accelerators are capable of pro-
ducing mdny thbusands of curies of radioactivity, a small fraction of ,
which may be released to the environment. The transportation of these .
radionuclides, induced directly in ground water'ér leached from irra-

diated earth in tﬁe accelerator shield, has been studied around proton
synchrotrons with energies up to several hundred GeV (150-153). These

studies show that the inventory of long-iived radionuclides produced in

earth shields of such accelerators is of the order of tens of curies, or

less. Chemical sorption plays an extremeiy irnpoftant role in prevent-

ing the migration of many of the nuclides. From these étudies the levels

of radioactivity likely to appear in ground water systems will be minimal

and may not even be detectable.
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6. CONCLUSIONS

We hope that in this bri'ef review we have béen abie to indicate
the ad\}ances in the qualitative and quan.t:itativev uhaerstanding of accel-
erator radia'tic;n pi‘oblems that have been achieved in the past fifteen
years. From almost complete ignorance of these problems we have
reacheditfhé'p’oint where accurate estimai:es of shiélding, induced radio-
activity, radiation damage, and radiation 1eveis are generally possible.

"The iﬂcréasihg use of ac.(:eieratdré in induStry andv medicine |
ne4cesvs'.itat'es the wider "diséé'rrii.l'ia‘tiién of our exbanding ‘kno'wledge of ac-
celerator —produced fadivavtiohi. There is a needv:to educate .sufficient
operatihg personnel .as'to the special pr'obleins of shield'ing and dosim-
etrir' at pa'rti'cle éccel_erators, if adequate sa.fetf vS(;anda.,rds are to be
niaintained. This need is eépecially important at accelerators used
for radiation therapy,: and is not fulfilled 'by specialized conferences
open only to a limited a’ﬁdiencé. A number of recent monographs(4, 119,
154, 155) specifically discussing accelerator radiation problerris will
help alleviate this situation. In the United States a start has been made
to provide more formal instruction through short training courses.

The radiation problems of very -high—energy accelerators (> 10
GeV) continuebto be of rather specialized i’nterest,‘ but the systematic
solution of thesg pro.blems will be of general interest to other disciplines
as well. |

| | Despite the ‘significant advances reported here, much remains to be

done. The problems of personal dosimetry for high-energy neutrons
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(E > [20 MeV) has, to date, been given little attention. Shield compu-

tations still'ne_ed to be refined and this must be done by comparison
with observation. 'Improvements are still needed in instrumenﬁ\a,tion
for the ndeasufement of fast neutrons 'in the field.'" We suggest 1
that the proi)léms of induced radioactivity §vill need increésing study
if th_e applicatidn of accelerators in industry is not to be inhibited.

Radiation damage studies, too, are of increasing importance so th_ét

accelerators may be economically and efficiently designed.
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Table 1. Composition of radiation fields above thick shields at the CPS

Percéntage of dose equivalent

Radiation éomponent ' Above concrete. Above target
o shield bridge?  through earth
‘ shieldP
- Thermal neutrons : 11-12 <1-3
Fast neutrons ' 50-70 , 10-37
(0.1 MeV< E< 20 MeV) :
'High-energy particles - 2-25 52-89
(E > 20 MeV) -
y rays and ionization from 2-19 1-13

charged particles

a .
Ref, 43

b Ret. 44, 45
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Table 2. Effective conversion factors for neutron spevctra

Effective neutron conversion factors

Spectyum -(nrrf;z;s}elc
Gilbert etal (52) Shaw etal (17)
Cosmic ray _ : 124 - . 14.1
Bevatron » 8.8 49
CERN synchrotron bridge ' 7.3 124
CERN ringtop - 4.3 . s4

1/E | o | 4.7 - 6.4




Table 3.

Values of relaxation parameters

Relaxation parameter b, radians

Assumed Y 5
Detector reaction threshold 7 GeV data 3 GeV data
' FW Cu Al Pb Fe

HPD%: TLD 1.65£0.1  1.36£0.05 1.25%0.05
325 32p 3.040.5 MeV - 0.29%0.03 0.39%0.04 0.50%0.06  0.23%0.07 0.300.08
2771-%4Na 6.0£0.5 MeV  0.54£0.02 0.65£0.04 0.71+0.04
195 184 1141 MeV 0.7320.05 0.9040.05 1.05£0.07
126 ¢ 2243 MeV 1.28+0.05 1.34£0,03 1.32£0.05  1.1020.12 1.35%0.46 !

' 1:N
126 "pe ' 35%5 MeV 4.6 £0.4 1.7 204 4.4 £0.2 '
2751185 | 35%£5 MeV 1.6 £0.4 1.7 £0.4 1.4 0.2 0.84+0.14 41.07£0.13
Au fission 2.4 £0.3 24 +0.3

90+ 410 MeV

2.4 %0.3

®Ref. 112
PRef. 111

¢ Hydrogen pressure dosimeter
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Table 4. Radionuclides commonly identified in solid materials
irradiated around accelerators :

Irradiated material’

Rad_ioinicl_ide s

Plastics, oils

Concrete, aluminum

" Iron, steel

Copper.

7Be, 11C

22 24.. 32 42 95

As above, plus Na, Na, P, K,

As above, plus 44Sc,‘ 44mSc, 468(:, Sc,

48V, 51Cr, 52Mn, SZQMn’ 54Mn, 56Mn, 57

58Co, .6000, 57Ni, 55Fé, ’59Fe

As above, plus 65Ni, é’1Cu, 64Cu, 63

6SZn

47

Co,

Zn,
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Table 5. Radionuclides identified in

the air of different accelerators

Radionucllide ' Where identified

Explanatioh. of previous symbol
-and reference

"Be A

g | A,B,C,D,E,F

135 A,B,C,D.E,F,
G, H

14, 5

15 A,C,D,E,G.H

16, =

24Na ~ AD

374 5

38¢; AH

39¢1 A

Hy A.B.C,D,F

34mc1 . D

A = Saclay 560-MeV electron
linac (138)

B = CERN 600-MeV proton syn-
chrocyclotron (139)

CERN 28-GeV proton synchro-

Q
f

tron (140)

D =PPA 3—GeV‘proton synchro-
tron (141)

E =RHEL 7-GeV proton synchro-

- tron (142)

F = BNL 30-GeV prbton synchro-
tron (143)

G = RPI 50-MeV electron linac(144)

H = Frascati 300-MeV electron

‘linac (145)
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 FIGURE CAPTIONS

‘Figure 1. Some typical high-energy neutron spectra (see Ref. 17).
a. 1/E spect_:i‘um (for comparison).
- b. cosmic-ray spectrum.
. c. ' spectrum at concrete sh1e1d1ng br1dge at CPS
d. .spectrum on ea.rth sh1e1d of CPS.
_e. spectrum out31de Bevatron sh1e1d1hg., |
£ 'speéfrurn‘ outside steel shielding of Nimrod external
proton bee_m.
Figure 2. quality factor ae a function of linear energy transfer in
water, iﬁterpola.ted from ICRP recommendatiohs(98).
Figure 3. Cenversien factors as a function of energy for different
particies.
Figure 4. Schematic diagram of typical .shield-iﬁg geometry.

'Figur.e' 5. Relative flux-density distribution measgurements along paths
drawn at several angles to the pomt of 1n<:1dence of the proton beam on

.27A1 - 24Na reaction.

a concrete shield. Measurements made with the:
. ! ‘ N

Incldent' proton energy 6 GeV(SS).

Figure 6. Typical ex'am'ple of the ratio of detector response as a function
" of distance from the point of incidence to the proton beam on the shield.
The figure demonstrates the existence of an equilibrium Spectrum. ' The

. .curve labeled "axial profile'"' was obtained in the beam airection; that

labeled "lateral prefile” was obtained at a depth of four feet into the
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sh1e1d in a dlrectlon norrnal to the beam d1rection Incident proton

v -energy 6 GeV(SS)

- Figure”? Angular relaxatmn parameter, b as a: functlon of reactlon

| threshold energy (after Levme et.al, 112)..

| Fi'gure‘ 8 Companson of measured and calculated flux density as a

| functmn of posltlon in the earth shield of the CPS The absc1ssa gives
the d1st'ance along the beam line measured from~ an--arb1trary point.

| The 25 GeV proton beam mteracted with a beryllmm target at 'I‘(12 5m
from the or1g1n) 'I’he ordinate shows the neutron flux density measured

with an Al detector(116)..

~ Figure 9. Histogramsshow calculated-values of the. cosmie-ray neutron
spectra due to Armstrong et a1(118), which are compared with the mea-
surements of Hess et a.1(38) (sohd 11ne) at depth in the atmosphere of

_200 g/cm?’ and 1033 g/cm2 and are also compared ‘with calculations of
Lingenf_elter-tluoted by Armstrong et al (118) -at the top of the atmosphere
(dotted lines). The calculations and measurements are made in the range

of geomagnetic latitudes 40-44°.

.Figure 10. Relative contribution to the photon dose rate due to' six
| radionuclidesat the surface of an iron cylinder "('d'ia.meter 80 g/ cmz)
irradiated axiaily by 200-MeV and 3-GeV protons for an infinite time

. (from Armstrong and Barish, 132). .
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detector response
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RELATIVE PHOTON DOSE RATE
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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