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Addendum to National Bureau of Standards Handbook 59, Permissible Dose
from External Sources of lonizing Radiations
(Extends and replaces insert of January 8, 1957)

(This addendum will necessitate changes in the following NBS Hand-
books: 42, 48,49, 50, 51, 52, 53, 54, 55, 56, 58, 60, and 61.)

Maximum Permissible Radiation
Exposures to Man

Introduction

On January 8, 1957, the National Committee on Radiation Protec-
tion and Measurements issued a Preliminary Statement setting forth
its revised philosophy on Maximum Permissible Radiation Exposures
to Man.! Since that time several of the NCRP subcommittees have
been actively studying the necessary revisions of their respective hand-
books. These studies have shown the need for (1) clarification of the
earlier statement and (2) modification or extension of some of the con-
cepts in that statement. Furthermore, the International Commission
on Radiological Protection has made minor changes in their recom-
mendations. Accordingly the NCRP has prepared a set of guides,
given below, that will assure uniformity in the basie philosophy to be
embodied in the various handbooks. Since many of the handbooks are
followed elosely in planning radiation operations in the United States,
and since the modification of a handbook may require many months
of effort, it seems wise to make the over-all guiding prineiples available
in advance of the reissuance of the revised handbooks. These guides
are not designed to take the place of any of the handbooks; the prin-
ciples given below will be extensively treated later in appropriate places.
In the meantime handbook revisions or supplementary statements will
be issued as rapidly as possible.

Since the statement of an average per capita dose for the whole
population does not directly influenice the substance of the NCRP
Handbooks, no further statements regarding such a number will be
made at this time. In any discussion of the MPD it is impractical to
take into consideration the dose from natural background and medical
or dental procedures.

The changes in the accumulated MPD are not the result of positive
evidence of damage due to use of the earlier permissible dose levels,
but rather are based on the desire to bring the MPD into accord
with the trends of scientific opinion; it is recognized that there are still
many uncertainties in the available data and information. Considera-
tion has also been given to the probability of a large future increase in
radiation uses. In spite of the trends, it is believed that the risk

1 NBS Tech. News Bul, 41, 17 (Feb. 1957).
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involved in delaying the activation of these recommendations is very
small if not negligible. Conditions in existing installations should
be modified to meet the new recominendations as soon as practicable,
and the new MPD limits should be used in the design and planning of
future apparatus and installations. Because of the impact of these
changes and the time required to modify existing equipment and
installations, it is recommended on the basis of present knowledge that
a conversion period of not more than 5 years from January 1957
(see footnote 1) be adopted within which time all necessary modifica-
tions should be completed.

The basic rules and the operational guides outlined below are in-
tended to be in general conformity with the philosophy expressed in the
1953 statements of the ICRP, as revised in April 1956 and March 1958,

Guides for the Preparation of NCRP Recommendations

It is agreed that we should make clear distinction between basic
MPD rules or requirements, and operational or administrative guides
to be used according to the special requirements in any particular
situation. Guides have the distinet value of retaining some reason-
able degree of uniformity in the interpretation of the basie rules,

The risk to the individual is not precisely determinable but, however
small, it is believed not to be zero. Even if the injury should prove
to be proportional to the amount of radiation the individual receives,
to the best of our present knowledge, the new permissible levels are
thought not to constitute an unacceptable risk. Since the new rules
are designed to limit the potential hazards to the individual and to the
reproductive cells, it is therefore, necessary to control the radiation
dose to the population as a whole, as well as to the individual. For
this reason, maximum permissible doses are set for the small percentage
of the whole population who may be occupationally exposed, in order
that they not be involved in risks greater than are normally accepted
in industry. Also radiation workers represent a somewhat selected
group in that individuals presumably of the greatest susceptibility
(i. e., infants and children) are not included. However, for the persons
located immediately outside of controlled areas but who may be
exposed to radiation originating in controlled areas, the permissible
level is adjusted downward from that in the controlled area because
the number of such persons may not be negligible. With this down-
ward adjustment, the risk to the individual is negligible so that small
transient deviations from the prescribed levels are unimportant,

Controls of radiation exposure should be adequate to provide reason-
able assurance that recommended levels of maximum permissible
dose shall not be exceeded. In addition, the NCRP reemphasizes its
long-standing philosophy that radiation exposures from whatever
sources should be as low as practical.

@ Gep B0L=g42—2

Definitions

For the purposes of these guides, the following definitions are given:

Controlled area. A defined area in which the oceupational exposure
of personnel to radiation or to radioactive material is under the super-
vision of an individual in charge of radiation protection. (This im-
plies that a controlled area is one that requires control of access, oceu-
paney, and working conditions for radiation protection purposes.)

Workload. The output of a radiation machine or a radioactive
source integrated ocver a suitable time and expressed in appropriate
units.

Occupancy factor.  The factor by which the workload should be mul-
tiplied to correct for the degree or type of occupancy of the area in
question.

RBE dose. RBE stands for relative biological effectiveness. An
RBE dose is the dose measured in rems. (This is discussed in the re-
port of the International Commission on Radiological Units and Meas-
urements, 1956, NBS Handbook 62, p. 7.)

Basic Rules
1. Accumulated Dose (Radiation Workers).

A, Ezxternal erposure lo critical organs.

Whole body, head and trunk, active blood-forming organs, or gonads:
The masximum permissible dose (MPD), to the most eritical organs,
accumulated at any age, shall not exceed 5 rems multiplied by the
number of years beyvond age 18, and the dose in any 13 consecutive
weeks shall not exceed 3 rems,?

Thus the accumulated MPD= (N~ 18) X5 rems, where N is the age
in vears and is greater than 18,

Comme~T: This applies to radiation of sufficient penetrating
power to affect a significant fraction of the critical tissue. (This

\\\'ill be enlarged upon in the revision of H59.)

B. External exposure to other organs.

Skin of whole body: MPD==10 (N-18) rems, and the dose in any 13
consecutive weeks shall not exceed 6 rems.?
JomMeENT: This rule applies to radiation of low penetrating
power. See figure 2, H539.
Lens of the eyes: The dose to the lens of the eyes shall be limited by
the dose to the head and trunk (A, above).

1 The quarterly limitation of 3 rems in 13 weeks is basically the same as in 59 except that
it is o longer related to the old weekly dose limit. The yearly limitation is 12 rems instead
of the 15 rems as given in the NCRP preliminary recommendtions of January 8, 1957,

3 This is similar to the 1854 (H59) recommendstions in that the permissible skin dose is
double the whole-body dose. H59 made no statement regarding a 13-week limitation.
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Hands and forearms, feel and ankles: MPD =75 rems/year, and the
dose in any 13 consecutive weeks shall not exceed 25 rems.*

C. Inlernal exposures.

The permissible levels from internal emitters will be consistent as
far as possible with the age-proration principles above, Control of
the internal dose will be achieved by limiting the body burden of
radioisotopes. This will generally be accomplished by control of the
average concentration of radioactive materials in the air, water, or
food taken into the body. Blnee it would be impractical to set different
MPC values for air, water, and food for radiation-workers as a function
of age, the MPC values are selected in such a manner that they conform
to the above-stated limits when applied to the most restrictive case,
viz., they are set to be applicable to radiation workers of age 18. Thus,
the values are conservative and are applicable to radiation workers
of any age (assuming there is no occupational exposure to radiation
permitted at age less than 18). The factors entering into the calcula-
tions will be dealt with in detail in the forthcoming revision of Hand-
book 52.

The maximum permissible average concentrations of radionuclides
in air and water are determined from biological data whenever such
data are available, or are caleulated on the basis of an averaged annual
dose of 15 rems for most individual organs of the body,* 30 rems when
the eritical organ is the thyroid or skin, and 5 rems when the gonads
or the whole body is the critical organ. For bone seekers the maximum
permissible limit is based on the distribution of the deposit, the RBE,
and a comparison of the energy release in the bone with the energy
release delivered by a maximum permissible body burden of 0.1 ug Ra®¢
plus daughters.

2. Emergency Dose (Radiation Workers).

An aocidental or emergency dose of 25 rems to the whole body or a
major portion thereof, oceuring only once in the lifetime of the person,
need not be included in the determination of the radiation exposure
status of that person (see p. 69, H59).°

3. Medical Dose (Radiation Workers).

Radiation exposures resulting from necessary medical and dental
procedures need not be included in the determination of the radiation
exposure status of the person concerned.®

¢ This is basically the same as the 1954 (H59) recommendations exeept for the 13-week limi-
tation,

$ This is basically the same as the 1953 (H52) recommendations,

¢ This is the same as the 1054 (H50) recommendations.
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4. Dose to Persons Outside of Controlled Areas.

The radiation or radioactive material outside a controlled area, attri-
butable to normal operations within the controlled area, shall be such
that it is improbable that any individual will receive a dose of more
than 0.5 rem in any 1 year from external radiation.

The maximum permissible average body burden of radionuclides in
persons outside of the controlled area and attributable to the opera-
tions within the controlled area shall not excced one-tenth of that for
radiation workers.” This will normally entail control of the average
concentrations in air or water at the point of intake, or rate of intake
to the body in foodstuffs, to levels not exceeding one-tenth of the
maximum permissible concentrations allowed in air, water, and food-
stuffs for occupational exposure. The body burden and concentrations
of radionuclides may be averaged over periods up to 1 year.

The maximum permissible dose and the maximum permissible
concentrations of radionuclides as recommended above are primarily
for the purpose of keeping the average dose to the whole population as
low as reasonably possible, and not because of specific injury to the
individual.

CoMMENT: Occupancy-factor guides will be needed by several of
the subcommittees. It will be important that these do not differ
markedly between different handbooks. The Executive Committec
will endeavor to establish a set of uniform occupancy-factor guides.

Operational and Administrative Guides

5. The maximum dose of 12 rems in any 1 year as governed by the
13 week limitation, should be allowed only when adequate past and
current exposure records exist. The allowance of a dose of 12 rems
in any 1 year should not be encouraged as a part of routine operations;
it should be regarded as an allowable but unusual condition. The
records of previous exposures must show that the addition of such a
dose will not cause the individual to exceed his age-prorated allowance.

6. The full 3-rem dose should not be allowed to be taken within a
short time interval under routine or ordinary circumstances (however,
see paragraph 2 on Emergency Dose above.) Desirably, it should be
distributed in time as uniformly as possible and in any case the dose
should not be greater than 3 rems in any 13 consecutive weeks. When
the individual is not personally monitored and/or personal exposure
records are not maintained, the exposure of 12 rems in a year should
not be allowed; the yearly allowance under these circumstances should
be 5 rems, provided area surveys indicate an adequate margin of
safety.

T This is basically the same as the recommendations of January 8, 1957.
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7. When anyv person accepts employment in radiation work, it shall
be assumed that he has received his age-prorated dose up to that time
unless (1) satisfactory records from prior radiation employvment show
the contrary, or (2) it can be satisfactorily demonstrated that he has
not been employed in radiation work., This is not to impiy that such
an individual should be expecred to routinely accept exposures at
radiation levels approaching the yearly maximum of 12 rems up to the
time he reaches his age-prorated limit, Application of these principles
will serve to minimize abuse,

8. The new MPD standards stated above are not intended to be
applied retroactively to individuals exposed under previously accepted
standards.

9. It is implicit in the establishment of the basie protection rules that
at present it is neither possible nor prudent to administer a suitably
safe radiation protection plan on the basis of yearly monitoring only.
It is also implicit that at the low permissible dose levels now being rec-
ommended, there is fairly wide latitude in the rate of delivery of this
dose to an individual so long as the dose remains within the age-
prorated limits specified above. In spite of a lack of clear evidence of
harm due to irradiation at dose rates in excess of some specified level,
it is prudent to set some reasonable upper limit to the rate at which ap
occupational exposure may be delivered. Therefore, it has been agreed
that the dose to a radiation worker should not exceed 3 rems in any
13 consecutive weeks.

10. The latitude that may appropriately be applied in the opera-
tional and administrative control of occupational exposure will be
dictated by two major factors (8) the type of risk involved and the
likelihood of the occurrence of over-exposures and (b) the monitoring
methods, equipment, and the dose recording procedures available to
the radiation users. Where the hazards are minimal and not likely to
change from day to day or where there are auxiliary controls to insure
that the 18-week limitation will not be exceeded, the integration may
be carried out over periods up to 3 months. Where the hazards are
significant and where the exposure experience indicates unpredictability
as to exposure levels, the doses should be determined more frequently,
such as weekly, daily, hourly, or oftener, as may be required to limit
the exposure to permissible values,

11. For the vast majority of installations (medical and industrial),
operation is more or less routine and reasonably predictable and it
may be expected that their monitoring procedures will be minimal.
For such installations the protection design should be adequate to
insure that over-exposures will not oceur—otherwise frequent sampling
tests should be specified. Where film badges are used for monitoring,
it is preferable that they be worn for 4 weeks or longer, since otherwise
the inaccuracy of the readings may unduly prejudice the radiation

(6)

history of the individual. Where operations are not routine or are
subject to unpredictable variations that may be hazardous, self-reading
pocket dosimeters, pocket chambers, or other such devices should also
be worn and should be read daily or more often as circumstances
dictate.

12. Except for planning, convenience of calculation, design, or ad-
ministrative guides, the NCRP will discontinue the use of a weekly
MPD or MPC £ ”

13. The Committee has deliberately omitted the diseussion of future
exposure forfeiture for exposures exceeding the MPD on the grounds
that any such statements might lend encouragement to the unnecessary
use of forfeiture provisions.

¥ This represents & minor change from the NCRP recommendations of January 8, 1957, but
no change in the basic MPD,

April 15, 1958,

U, S, GOVERNMENT PRINTING OFFICE: 1958 O - 485685
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Preface

The recommendations made by the National Committee
on Radiation Protection, which are published as National
Bureau of Standards Handbooks, serve as guides for pro-
tection against general hazards of radiation sources. A new
class of radiation source has resulted from the rapid develop-
ment since 1940 of such high-energy electron accelerators as
linear accelerators, electron cyclotrons, electron synchro-
trons, and betatrons. Of this group, betatrons and electron
synchrotrons are being built commercially. Because these
accelerators are sources of high-energy radiations and because
of their widepread applications, they represent a potential
hazard to operating personnel, to patients in hospitals, and
to the public. 'Therefore, the operators of these accelerators
require suitable protection recommendations for the safe
application of the high-energy radiations.

The pressnt Handbook attempts to supply these recom-
mendations, Onlv betatron and syocbrotron sources are
considered. The hazards resulting from the various radia-
tions produced by the sources are included, as well as those
due to certain associated effects, such as noise, electricity,
and ozone production.

The experimental data that relates to protection require-
ments for betatrons and synchrotrons are far from complete.
Accordingly, measurement techniques and systems of units
are not well established. Because there is & general deficiency
of standard procedure in the high-energy field, compiete
appendixes to this Handbook are given to provide detailed
discussions of propoged nnits and measurement procedures.
These details are ordinarlly not required in a protection
handbook.

The following issues have received special attention:

(1) The choice of the units for radiation intensity (watts/
cm®) and for dose (ergs/g).

(2) The choice of & radiation-intensity secondary-standard.

(3) The choice of a 5-cm-thick Lucite cover for the sensi-
tive element of a survey instrument.

(4) The recommendation for high-energy installations of
the standard personnel-monitoring procedures presently in
use below 2 Mev,

The Handbook was prepared by Subcommittee 5 of the
National Committee on Radiation Protection, which is
degignated to investigate protection against radiations (elec-
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| trons, gamma rays, and X-rays) above two million volts.

‘ The NCRP operates under the sponsorship of the National

Bureau of Standards with the cooperation of the leading
radiological organizations. Tt was formed upon the recom-

mendation of the International Commission on Radiological

Protection. Each of the subcommittees is charged with the
responsibility of preparing protection recommendations in its

particular field. The reports of the subcommittees are :
approved by the main committee before publication.
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Protection Against Betatron-
Synchrotron Radiations Up to 100
Million Electron Volts

I. Definitions!®

The following definitions include the terms used in this
Handbook. It is not intended to be a complete list of
radiation terms,

1.1. Acceleration chamber. 'The annular vacuum tube,
commonly called a “donut,” in which the electrons are
accelerated in a circular electron accelerator,

1.2. Accelerator operating energy. See contfinuous spee-
trum of X-rays.

1.3. Betairon {(induction accelerator). A device for the
acceleration of particles, ordinarily electrons, in a circular
orbit in an increasing magnetic field by means of magnetic
induction.

1.4. Bremsstraklung. See X-rays.

1.5. Burst of X-radiation. The pulse of X-rays emanating
from a circular electron accelerator as a result of one electron
acceleration cycle. The duration of the burst is generally
of the order of a few microseconds,

1.6. Circular electron accelerator. A circular electron
accelerator in this Handbook refers to a betatron or synchro-
tron that accelerates electrons to energies hetween 2 and
100 Mev. The electrons can be used to strike a target and
produce X-rays within the accelerator structure, or the
electrons can be removed from the accelerator,

1.7. Condenser r-meter. An instrument consisting of an
ionization chamber, together with auxiliary equipment for
charging the chamber and measuring its voltage. It is
used as an integrating instrument for measuring quantity
of electrons, X-rays, or gamma radiation with energies below
2 Mev and is calibrated in roentgens.

! Many of the definitions are bused on those that have appesrcd in National Bureau of

Standards Handbook 41, **Medical X.ray Protection Up to Two Million Volts,’”” and in “A
Qlossary of Termis in Nuclear Sclence and Teehnology,” by the National Research Councll.
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1.8. Cone of X-radiation. A cone, with apex at the
X-ray target, that contains the major portion of the primary
X-radiation from an electron accelerator.”

1.9. Continuous spectrum of X-rays. The continuous
energy distribution of X-radiation produced by an accel-
erator. This distribution extends up to the kinetic energy
of the electrons striking the X-ray target. The maximum
kinetic energv of the electrons obtainable from an accel-
erator defines the accelerator energy rating (e. g., 40-Mev
betatron). The spectra of the continuous X-rays from
betatrons and synchrotrons are given in appendix G.

1.10. Control cubicle. 'The cubicle containing the auxiliary
circuits required for the operation of the accelerator, such
as the injection, ejection, contraction, and radio-frequency
supply circuits.

1.11. Donut. See acceleration chamber.

1.12. Dose. A measure of the energy imparted to & unit
mass of & medium by the lonizing particles present in the
place of interest. The term dose as used in this Handbook
1s expressed in ergs per gram. This is the unit recommended
by the International Commission on Radiological Units for
use at energies above 3 Mev, Seerad.

1.13. Dose rate. The dose delivered per unit time. Dose
rates in this Handbook are expressed in ergs per gram
per second.

1.14. Duty cycle. The fraction of the total operating
time of the accelerator during which X.rays are being
produced. The duty cycle for an accelerator that pro-
duces a burst of X-rays during each magnetic-field cycle is
the product of the X-ray burst time in seconds and the
number of magnetic-field cycles per second.

1.15. Eguiltbrium orbit. The circle of theoretically con-
stant radius on or near which the electrons spend most of
their acceleration cycle in a circular electron accelerator.

1.16. Egquilibrium or transition thickness. The depth in
s sufficiently thick absorber at which a monodirectional
X-ray beam, initially electron-free, produces the maximum
ionization per unit volume.

1.17. Equivelent quanta per square centimeter. A unit of
radiation exposure. The number of equivalent quanta per
square centimeter in an X-ray beam equals the total X-ray
energy crossing & square centimeter measured normally to
the direction of flow, divided by the peak-value X-ray-
photon energy. The interrelationships of. this unit with
other radiation units are summarized in table 6, appendix A.

1 See appendix (¢ for 8 more precise description of the angular distribution of the X-radiation,
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1.18.  Erg. A unit of energy in the cgs system. See kilo-
electron-volts.

1.19. esu per em®. One electrostatic unit of electric charge
carried by ions of either sign, which are produced by the
interaction of radiation in 1 cm?® of air at standard tempera-
ture and pressure.

1.20. Film badge (photographic dosimeter). A pack of
photogi'rap}.nc film with proper filters used for the detection
or evaluation of dose produced by ionizing radiation.

1.21. Flux density. An amount of radiation flowin per
unit time and per unit ares, measured normally to the direc-
tion of flow. For example, electron (or X-ray photon) flux
density is the number of electrons (or X-ray photons) per
second per square centimeter; also, energy flux density (also
called intensity) is the energy flow per unit time per unit
area. See radiation intensity.

1.22. Gamma rays. See X-rays.

1.23. Half-value layer (JIVL). The thickness of absorbing
material necessary to reduce the dose rate produced at a
point by an X-ray beam to one-half of its original value. A
statement of half-value layer at high X-ray energies should
always be accompanied by a statement on the amount of
previous filtration. The concept of a half-value layer,
especially at the high energies, must, be applied with caution
since the rate of change of dose rate with thickness or depth
is not always a unique characteristic of the primary radiation.

1.24. Intensity. See radiation intensity. i
- 1.25. Kzla—e_lectrpn-qolts (kev). A unit of energy. Onekev
is the change in kinetic energy of an electron when it moves
across a potential difference of 1,000 volts. One kev is
eqtllvaleitlto %.6)(10“9 erg.

1.26. Kilovolt (kv). A uni i i
000 st kv) t of electrical potential equal to

1.27. Leakage radiation. All radiation coming from the
accelerator outside the limits of the useful beam.

1.28. Magnet. The laminated steel structure of an ac-
celerator in which the magnetic flux circulates.

1.29. Mawimum permissible dose. The maximum dose to
which the body of a person or any part thereof shall be per-
mitted to be exposed continually or intermittently in & given
period of time. The maximum doses permitted in 1 week
are given in table 1.2

? The source of the basic data used In table I Is National B

W { ureau of Stan H

mmson e e Coamlbtt B SR o

doses In roentgens per week, s unit that {s atrlntl ; cab only to K Tags heber 3 IRsble

For the present Handbook it has been assnm g 14 TRET Iemmonly ot o om 3 M.
2 0.3 rm ed in alir for 1 week corre-

gponds to a dose value of 30 ergs/g for 1 wesk lgr p-< gx 8 mas! in 5
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Tapre 1. AMazimum permissible doses in 1 week

1 Ergsigram

Type of radiation i) week
X-rays and gamms mays...._. 30
Beta rays and fast electrous 30
ProTOBE. e cc e e 3
BYOW TeTLIODS . o w v o e cmccnms e mee s 3
Fast neutrons of energy not greater than 20
MEV. e e l % s

Alpha rBYS . e

1.30. Mazimum permissible neutron flux density. The max-
imum number of neutrons permitted for a given unit of time
per square centimeter of body surface perpendicular to the
neutron beam. The maximum permissible flux densities
corresponding to the various neutron energies are listed in
table 2.

1.831. Million electron volts (Mev). A unit of energy equal
to 1,000 kev. »

1.32. Milliwatt. One one-thousandth of a watt (107° watt).

1.33. Neutron energy classifications. Neutron energy ranges
that are discussed in this Handbook are defined in table 3.

TABLE 2. Maximum permissible neutron fluz densiites

Number of . Wumber of
Neutron energy neutrons/ Neutron energy neutrons/
cinysec o cmifsec »

Mer | Mev—Continued !

s & mean of several sets of ealculations, which were based on » 40-hr week, The mean
values of table 2 were agreed upen by the Internationa] Commission on Radlologieal Pro-
tection at the Seventh International Congress of Radiology Copel}hszgen July 1953. The
following articles provide some of the backgronnd materlal: T. C, Evong, 1 uc}eoglcs 4, No.
3,1, 2 (1949); J. 8. Mitchell, Brit. J. Radiol, 20 79 (1947); 3. H. Tatt, }gER}L T/R 273, 418, f}ﬂ-‘:;
J.H, Clgans Med, Res, Council T/R 718, 1851; . 8. Snyder, Nucleonics & No. 2, D. 46 (1450,
W .Hsm, Nat. Res, Councll, Committes on Radistlon Cataraets, 1850; g Snyder and J.
Neufeld (to be published).

TasLe 3.  Neutron-energy classifications

Classification Energy
BIOW . oo Thermal to 0.1 kev,
Intermediate..... ...| 0.1 kev to 0,02 Mev,
Fast. e 0.02 Mev to 10 Mav,
Highenargy........- 10 Mev to 500 Mev.

— e o

1.34. Occupied space. The space neighboring an electron
accelerator that is occupied or may be occupied by persons
during times when the accelerator is producing radiation.

1.35. Personnel monitoring. 'The systematic periodic esti-
xﬁlate of radiation dose received by personnel during working

ours.

1.36. Power cubicle. The cubicle containing the power
equipment for tne accelerator, such as the capacitors, the
power transformers, the d-c rectifiers.

1.37. Primary protective barriers. Barriers designed to
reduce the dose rate produced by the useful beam in occupied
spaces.

1.38. Primary radiation. Radiation coming directly from
the accelerator target, which includes X-rays (bremsstrah-
lung), electrons, and neutrons. It includes the useful-beam
radiation and part of the leakage radiation,

1.39. Protection. Provisions designed to reduce exposure
of personnel to radiation. For external radiation this in-
volves the use of protective barriers, the assignment of ade-
quate distance from radiation sources, the reduction of
operating time or beam intensity, or any combinations of
these.

1.40. Protection survey. Evaluation of the radiation
hazards associated with the production and use of the radia-
tions from an electron accelerator.

1.41. Protective barriers. Barriers of radiation-asborbing
material, such as lead, concrete, or steel, that are used to
reduce radiation hazards.

1.42. Qualified expert. A person having the knowledge
and training needed to measure radiations from an electron
accelerator and to advise the safety officer regarding radia-
tion hazards. The physician, safety oflicer, or plant super-
intendent employing him shall be responsible for seeing that
he has the necessarv qualifications. Certification by com-
petent authority or by a board set up for the purpose is
desirable.

1.43. Rad. The unit of absorbed dose, which is 100
ergsfg. The rad is & measure of the energy imparted to
matter by ionizing particles per unit mass of irradiated
material at the place of interest. It was recommended and
adopted by the International Commission on Radielogical
Units at the Seventh International Congress of Radiology,
Copenhagen, July 1953.

1.44. Radiation. In general, radiation is energy that is
propagated through space; in particular, fer the purposes of
this Handbook, it cousists of the energy that is propagated
in the form of X-rays, gamma rays, electrons, and neutrons,
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1.45. Radiation exposure. 'The time integral of the radia-
tion intensity ineident at a given position. Radiation ex-
posures as used in this Handbook are expressed in watt-
seconds per square centimeter. (1 watt-sec/cm? 18 equal to
107 ergsfem?.) . )

1.46. Radiation field. The space irradiated by the ac-
celerator. ]

1.47. Radiation lazard. A hazard resulting from the
presence of radiation in amounts capable; of producing dose
rates greater than the maximum permissible dose rates.

1.48. Radiation intensity (radiation energy flux density).
The radiation energy flowing through unit area perpendicular
to the beam per unit time. Yhen separate beams of the same
or different radiations are considered, the intensity and
direction of each individual beam should be specified. )

Radiation intensities in this Handbook are expressed in
watts per square centimeter. This quantity is of particular
interest in the specification of accelerator performance,
and must not be confused with dose rate, which measures the
rate of energy absorption per unit mass of an irradiated med-
wum. (See dose.) )

1.49. Radiation room. The room to which the bulk of the
radiation produced by the accelerator is confined. For the
purposes of this Handhook, this room is also assumed to be
the room in which the radiation is utilized. ] )

1.50. RBE. The abbreviation of the term ‘relative bio-
logical effectiveness,” which is evaluated numerically as the
inverse ratio of the doses of two different radiations necessary
to produce the same biological effect. The ratio is not the
same for all biological effects. Values of RBE with reference
to the gamma rays of radium as a standar,d are listed 1n
table 4 as they are used in this Handbook. They are of an
interim nature and are intended only for use in calculating
the maximum permissible dose levels,

TABLE 4. Relative biological efficiencies

i |

Radlation RRE '
‘ |

E Gamma rays from radlom (8- . 1
| tered by 0.5mmof Pty . oo |10 émand~
| ¢ ard)
I X-rays of energy 0.1to 100 Mevs. I 1o |
I Electrons of energy 0.1 to 100 l
i Mey PLn ‘
COProtonsS. . oooe e 100 ‘
i Fast neutrons. | 100 i
l AIPhE TBY S e e e ' 2.0

{ : i

» Some experimental evidence for an RBE of less than 1 has been found for the X-rays
generated by betatrons operating in the reglon of 20 Mev. However, unti] thess results are
well established, the more conservative RBE of 1.0 is adopted in this Handbook for these
X.rays.
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1.51. Roentgen (r).* In the energy range up to 3 Mev,
the International Commission on Radiological Units ® has
continued the recognition of the roentgen as a unit of X- and
gamma-ray quantity with the following definition:

“The roentgen shall be the quantity of X- or gamma-
radiation such that the associated corpuscular emission per
0.001293 g of air produces, in air, ions carrying 1 electro-
static unit of quantity of electricity of either sign.’’

1.52. Safety officer. The individual directly responsible
for the safety of all persons at an accelerator installation.
This individual should have the authority to stop operations
whenever he believes that persons are being endangered.

1.53. Seattered radiation. Radiation that has been devi-
ated in direction during passage through matter, It may
also have been modified by a decrease in energy. It is one
form of secondary radiation.

1.54. Secondary protective barriers. Barriers designed to
reduce the dose rate produced by stray radiation in occupied
spaces. (See section 1.34.)

1.55. Secondary radiation. Radiation (electrons, X-rays,
gamma rays, or neutrons) produced by the interaction of
primary radiation with matter.

1.56. Shall. Indicates necessity in order to meet currently
accepted standards of protection.

1.57. Should or is recommended. Indicates advisory re-
quirements that are to be applied when possible.

1.58. Stray rediation. Radiation other than that in the
useful beam. It includes leakage radiation and secondary
radiation from irradiated objects.

1.59. Synchrotron. A device for the acceleration of par-
ticles, ordinarily electrons, in a circular orbit in an inecreasing
magnetic field by means of an alternating electric field applied
in synchronism with the orbital motion.

1.60. Tissue dose. The dose imparted to tissue by ionizing
radiation,

1.61. Useful beam. That part of the primary radiation that
passes through the aperture, cone, or other collimator. In

4 Bee appendix A, The roentgen and radiation units above 2 Mev.

$ See footnote 2.

3 'The X-ray output of many circular electron accelerators is improperly stated {n terms of
reentgens per minute measured at 1 m from the X-ray target, when the energy is above the
Imit at which the roentgen is applicable. The desirable specification of the besin intensity
ig in terms of the radiation intensity (e. g., in terms of watls per square centimeter). This
quantity can be measured In an absclute manmer by a total sbsorption caleimeter. A
secondary-standargd method that is convenient for use in this field Is the measurement of Xray
output with s condenser r-meter located at the center of a suitable shell. The guantity
measured by the r-meter should be expressed in terms of the measured number of electrostatic
units per cuble centimeter per minute and the shell materialand dimension. The conversion
of the number of glectrostatic units per cuble centimeter per minute to the unit of watts per
square centimeter can be accomplisbed by mesns of the graph in sppendlx B for two secondary
standards that are in common use.
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those accelerators on which these devices are not used, the
useful beam consists of the primary radiation.

1.62. Watt. A unit of power in the cgs system equal to
10,000,000 {or 10%) ergs/sec. The unit is used in this Hand-
book in the specification of radiation intensity and dose rates,

1.63. Work factor. The fraction of the personnel working
time per week during which an accelerator may be operated
without exposing personuel in a given occupied space to
weekly radiation levels above those defined as permissible.
(See maximum permaissible dose, section 1.29.)

1.864. X-rays. Electromagnetic radiations having wave-
lengths shorter than 107% ¢m. The X-radiation resulting
from the interaction of external electrons with the nuclear
and electronic fields of target atoms is produced by a process
called bremsstrahlung. It is customary to refer to electro-
magnetic radiations originating in atomic nuclei as gamma
rays.

1.65. X-ray apparatus. Any source of X-rays, its power
suplpily and controls, coming within the scope of this Hand-
book.

1.66. X-ray monitor. A device for indicating the X-radia-
tion level from an accelerator for purposes of control or
comparison. Frequently the X-ray monitor consists of an
ionization chamber and a current-measuring device to
indicate continuously the average ionization current in the
chamber gas produced by the action of the X-rays,

1.67. X-ray target. The structure subjected to bombard-
ment by accelerated electrons in an accelerator for the pro-
duetion of X-rays.

II. Protection Against Operation Hazards

2. Electrical Protection

2.1. Installation. Installation of electrical components of
accelerators shall comply with the applicable requirements of
the latest approved edition of the National Electrical Code.
The National Electrical Code is the standard of the National
Board of Fire Underwriters and is approved by the American
Standards Association. In the following, the term “‘ap-

roved type’ refers to approval by the National Board of
ire Underwriters.

2.2. Location. Accelerators shall not be installed or oper-
ated in dangerous locations, for example, anesthetic rooms in
which flammable or explosive gases or dusts may be present,
unless the apparatus is of an approved explosion-proof type
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or is approved for the location by the authorities having
jurisdietion.

2.3. Connection to power mains. (a} A supply of more than
600 volts between lines or to ground shall not be brought to
the operator’s control desk.

(b) Accelerators shall be provided with suitable wiring
terminals for the connection of conductors of at least the size
corresponding to the maximum continuous input rating of the
apparatus and for grounding. Unless the terminals are
located within the control cabinet or within other enclosures,
they shall be protected with suitably grounded cover-plates
or guards.

(c) All cords, cables, and external wiring employed for
supply connections and for conmections between compo-
nents shall be adequate for the purpose and be maintained
in good condition. Provision shall be made to protect
them from mechanical damage, and those that are likely
to be exposed to oil or water shall be of an approved type.

(d) For all stationary equipment and for mobile apparatus,
the disconnecting means may be an approved enclosed switch
or circuit-breaker. The switch or circuit-breaker shall be
provided with a means of locking in the “OFF” position to
prevent unauthorized use of the equipment and shall be
enclosed in a grounded metal box, The switch or circuit-
breaker shall have a pole in each ungrounded conductor. A
double-pole switch shall be used for direct- and single-phase
current and & triple pole for three-phase current where none
of the conductors is grounded. A fuse or circuit-breaker
protection shall be provided in each ungrounded conductor.

(e} The disconnecting means shall not be a part of the
apparatus but should be readily accessible to the operator,
preferably within sight of the control desk.

2.4. Overload protection. There shall be provided an over-
load protective device in addition to the fuses. This device
shall open all ungrounded supply conductors to the magnet
power circuit, and shall be such that it cannot be held closed
under overload conditions. The device shall provide suitable
positive indication of whether the contactor is open or closed.

2.5. Control switches. (a) The control desk shall contain
a remotely controlled mainline-switch that will deenergize
the apparatus. This switch shall break all ungrounded
conductors of the incoming line.

(b) Hand or foot switches used to energize the accelerator,
while & person is in the radiation room, shall be so constructed
that they must be held “ON” for operation and return
automatically to the “OFF” position when pressure is
removed.




{c) No locking device to hold the hand or foot switch in the
“ON” position shall be permitted. If the switch operates
through a relay, the relay shall open when the switch is
released.

(d) Means shall be provided for protection against failure
of electrical controlling switches used in moving the magnet
structure and elevating the tables. Positive mechanical
stops shall provide for stopping all devices that might crush
the patient or specimen,

2.6. Electrical components. (a) All components of accel-
erators together with the interconnecting wiring shall be of
approved types complying with such electrical codes as are
applicable.

(b) Switches, magnetic locks, and other electrical compo-
nents comprising electrical interlocks intended to prevent
access to high-voltage enclosure, and the like shall be of
approved type.

2.7. Protection from high-voltage circuits. (a) High-energy
accelerators, capacitors, and conductors, unless of fully
enclosed shockproof type, shall be made inaccessible by
means of insulating enclosures or of grounded metal barriers
or enclosures.

(b) Any door, gate, port, or panel permitting ready
access to the interior of high-voltage enclosures shall be
provided with reliable interlocks, which shall deenergize the
prima.(xiy excitation circuit of the accelerator when they are
opened.

p(c:) There shall be provided within the high-voltage en-
closure an emergency switch, by means of which a person
trapped there can prevent the energizing of the high-tension
transformer.

(d) Enclosures and barriers for exposed high-voltage
eapacitors or the conductors to such capacitors should have
in addition to access interlocks, devices so arranged that
both sides of the high-voltage circuit are automatically
short circuited and grounded when the door or cover to the
enclosure is opened.

(e) All high-voltage capacitors shall be of a type approved
by the National Electrical Manufacturers Association.

(f) A grounded metal grid or screen may serve as the pro-
tective enclosure for high-voltage circuits, 1if sufliciently rigid.

(g) Protective walls of insulating material, including the
air space between the latter and any high-voltage part,
shall provide the necessary insulation to withstand twice the
maximum operating voltage to ground. They shall in no
case be placed nearer to any high-voltage part than the
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equivalent needlepoint spark-gap distance, corresponding to
the maximum operating voltage of the conductor to ground.

(h) Any high-voltage parts of oil or water coolers shall
comply with all regulations pertaining to high-voltage
apparatus.

(1) All flexible high-voltage shockproof cables shall be
provided with a metal sheath that is grounded.

2.8. Grounding. (a) All exposed noncurrent-carrying
metal parts of accelerators, including protective guards,
barriers, enclosures, and shields, shall be permanently
grounded in accordance with the applicable provisions of
the latest edition of the National Electrical Code. Other
metal objects in the vicinity of exposed high-voltage parts,
which may become charged by induction, should also be
grounded.

(b) The high-voltage excitation circuit for the magnet
shall be grounded.

3. Warning and Safety Devices

3.1. General. Equipment shall be fitted with suitable
safety devices of the latest approved type for covering all
moving parts of electrical connections that may cause injury
to the operator.

3.2. Electrical interlocks. (a) All access-doors to the
capacitor bank shall be electrically interlocked to prevent
excitation with these doors open.

(b) A safety sequence shall be incorporated in control
circuits to provide for electrical interlocks on all doors or
passageways leading to the radiation room. '

3.3. Warning horns and lights. (a) The control panel
shall be equipped with warning lights indicating “Ready to
Operate” when all auxiliary circuits, doors, cooling systems,
safety devices, etc., are in proper operating condition,

(b) A warning horn and time-delay circuit should be
automaticelly actuated by the magnet power switch before
the magnet can be energized.,

(e) Aredlight on control panel shall indicate when magnet
is energized.

(d) A safety sequence shall be incorporated in the control
circuit to permit connection of various warning devices such
as flashing lights, horns, etc., at strategic places throughout
the building.

3.4. Warning signs. At entrances to and within rooms
that contain radiation sources or radiation generating equip-
ment, there shall be prominent signs of the danger of radia-
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tion. The signs shall refer to automatic visual or audible
signals that operate when the equipment is energized or
when radioactive sources are exposed, e. g., “Warning—
Flashing Lights Indicate High-Energy X-rays Being Gen-
erated Within Enclosure.”

4. Operational Precautions

4.1. All auxiliary circuits shall be automatically timed and
interlocked to prevent incorrect sequence of operation.
4.2, During routine donut-replacement, great care should
be exercised in reassembly of the magnet structure in order to
revent donut breakage and possible injury to personnel
rom implosion of the donut. Personnel shall wear glasses
or goggles during this operation.

8. First Aid and Fire Protection

5.1. A supply of suitable first-aid and fire-extinguishin
devices, and equipment approved for use with e%ectrica
apparatus shall be provided in conspicuous places and be
appropriately labeled.

5.2. At the location of above first-aid equipment, instruc-
tions should be posted for the proper procedure for washing
of hands and other parts of the body that may have come in
contact with the liquid that may be contained in capacitors
and transformers. Exposure to this liquid may produece
local skin irritations.

6. Inspection and Preventive Maintenance

6.1. Before any accelerator or high-voltage part is touched
or any electrical enclosure is opened, care shall be taken to
insure that the apparatus is disconnected from the power line
and all capacitors discharged and grounded. Before any
servieing operation is begun, the disconnecting means should
be secured in the “OFI” position; or, where a plug and
receptacle are used, the plug should be removed by the
person servicing the equipment and should be placed within
his sight during the service period, if practicable.

6.2. When the work being done requires more than one
person, distinet signals shall be given and receipt acknowl-
edged before highsvoltage is applied.

6.3. Periodic inspections should be made of high-voltage
systems for possible loose connections and parts, faulty
insulators, or corona breakdown of high-voltage barriers and
interlocks. A general inspection of electrical components
should be made at least every six months.
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7. Additional Precautions

7.1. Ozone production resulting from electron ionization in
air. No special precautions need be taken to protect against
breathing ozone, since the normal precautions required to
eliminate the radiation hazard from radioactivity in air (see
section 19.4) would also eliminate the ozone hazard.

7.2. Noise hazard. Many of the present-day betatrons
and synchrotrons produce low-frequency noise levels above
90 db. Personnel exposure of several hours to noise levels
above 110 db should be regarded as & health hazard and
should be avoided.

III. Protection Against Radiation Hazards

8. Units of Measurement

TaBLE 5. Unils for electrons and X-rays

Unit in use below 2
Mev b (should not

Term Recommended unit above 2 Mev be applied above
2 Mev
DoSe. e erg per gram (1 erg/g= Yow rad}...... Roentgen.
Dose rate s omunnrnnan - erg per gram per second (1 erglg/ | Roentigen per
sec= 107 watt/g). second.
Radiation exposure....| watt-second per square centimeter (1 | Roentgen,

watt-sec/emi=107 ergsfem?).
Radiation Intensity....] watt per square centimeter (1 watt! oo cnervncnuan
em?=107 ergsfemfsec),

* See appendix A, The roentgen and radiation units above 2 Mev,

b The Internstional Comirission on Radlological Units has recommended the use of the
roentgen up to 3 Mev, To be consistent with the coverage intended for this Handbook, the
energy value used in this table is 2 Mev rather than 3 Mev,

9. Methods of Measurement

9.1. X-rays. (a) Beam intensity. The calorimetric method?
is recommended as the standard i}tboratory method of meas-
uring the X-ray beam intensity in the region from 2 to 100
Mev. This method determines as directly as possible the
radiation intensity (watts per square centimeter) in the
beam at the point in question. In this method a beam of
known cross section is absorbed, and the energy content of
the beam, which is integrated over a given time, is deter-
mined from the temperature rise of the absorber, making
proper correction for the energy escaping in any form from

¥ 8ee appendix C, Calorimetric method of determining X-ray Intensities
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the absorber. It is not practical for general use because of
the skill and technique required in the application of the
method.

Secondary standards are recommended for use where

eat accuracy is not required. JTonization chambers may

e used as secondary standards of measurement. The
secondary standard for which data are provided in this
Handbook is the 25-r condenser r-meter chamber inserted
in an 11.5-cm cube of Lucite ®

(b) Dose. There is no adopted standard method of de-
termining the dose imparted to a medium by X-rays.

However, dose can be measured conveniently by an ioniza-
tion chamber inserted into a cavity in the medium at the
point where the dose is to be measured. ¥rom the Bragg-
Gray theory it can be shown that the dose in ergs per gram
in tissue or similar materials (e.g., water or Lucite) of den-
sity 1 g/em®is given approximately by F,y, (ergs/gram)=93 J
{esu/cm®), where J is the ionization measured in an air cavity
located at the point of interest,’ and FEy, is the energy
absorbed.

9.2. Electrons. (a) Electron-beam flux or current. The
use of a deep Faraday cage mounted in a high vacuum is
recommended as the standard method for measuring elec-
tron-beam currents. The electron current flowing from the
cage to an electrical ground can be measured in a standard
manner. This current measures the current in a high-
energy electron beam directly if the proper precautions In
the construction of the cage have been taken.

A method of greater convenience but less certainty than
the Faraday cage is the use of parallel-plate ionization
chambers that are oriented with their plates parallel to the
electron-beam dircetion. The current in the electron beam
may be obtained from the ionization current measured and
the number of lon pairs that are produced by the electrons
per centimeter of effective path.,

(b} Dose. Thimble-type ionization chambers are sug-
gested for this measurement until a primary standard method
can be defined.*

9.3. Neutron fluz density. (a) Recommendations regard-
ing standard and secondary-standard methods for neutron
measurements will be given in a future report."t The neutron

t See gppendix B, Becondary standards for measuring X-ray {ntensities.

? See appendix D, Determination of the dose produced in a medium by X-rays.

it 8ge description in appendix Db of 8 method of messuring dose. This method for X-rays
ean be applied to electrons. However, it should be stated that an energy-dependent chamber
will not yield an accurate depth-Gose curve for electrons unless it is calibrated for electrong
of the energy distribution existing at each point along the curve.

1t Neutron recommendations sre being prepared by the National Committes on Radis.

tion Protection, Subgommittee 4, designated to Investigate heavy particles (neutrons, protong,
and heavier).
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recommendations insofar ag they apply to radiation protec-
tion measurements with a circular electron accelerator, are
incorporated in the suggested methods listed in section V.

(b} The methods to be applied to neutron measurements
shall interpret neutron flux densities in terms of at least the
three lowest energy classifications.!?

9.4. General. %n the evaluation of X-ray, electron, and
neutron intensities according to the specific methods listed
in section V, these procedures should be followed:

(a) Each instrument should be periodically calibrated.

(b) More than one measurement should be employed,
when possible and practical.

(¢) A qualified expert should be consulted in order to
evaluate the limitations of each method and to advise on
calibration procedures.

10, Methods of Protection

10.1. X-rays. (a) Space and distance considerations.
The X-ray beam direction should be restricted wherever
possible in order to take advantage of the fact that high-
energy X-rays are produced within a fairly narrow cone and
that secondary products of high-energy radiations are
projected mostly in the forward direction.

The distance of personnel from the X-ray target of an
accelerator should be made as great as possible in onder to
take advantage of the reduction of the primary-beam
intensity with distance and thus to reduce the required
thickness of the protective barriers. The primary-beam
intensity in any direction is approximately inversely pro-
portional to the square of distance to the target.

(b) Practical protective materials.’* Concrete is recom-
mended as the best choice for permanent installations.
Where space is at a premium and greater attenuation than
that afforded by ordinary concrete 1s necessary, the concrete
may be loaded with uniformly distributed material of high
atomie number (e. g., scrap steel, iron ore, and barium rock).!

(¢) Thickness o? shield required, Shield thicknesses can
be computed according to the method outlined in appendix I.

10.2. Electrons. (a) Materials used for shielding of
accelerators producing free beams of electrons shonld be of
low atomic number to minimize the production of X-rays.

1 Sea table 3, Neutron energy classification, f).«i.

1 Spe appendix F, Theoretical half-value layers of varfous materisls for 7.5-Mev X-ray
pg?%’ﬁ'!ew experimental data are available on combinations of shielding matertals to suggest
more eficlent and cconomieal shields. However, to a first approximation the relative thick.
nesses required of different materials ean be obtained from the inverse ratio of the mean

gé}sorption coofficlents. See appendix E, X-ray absorption coefficlents for monoenergetic
~TAYS.
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Concrete is recommended, from the standpoint of economy,
efficiency, and structural adaptability.

(b) No specific recommendations are made for shielding
against electron beams. However, the shielding of an
accelerator used as an X-ray machine will be adequate for
that accelerator when it is used as a generator of an electron
beam if primary X-ray protective barriers are provided in
all directions.

10.3. Neutrons, Hydrogenous materials are usually the
most practical neutron shields. Concrete is recommended
because it contains a good percentage of hydrogen and is
frequently used for X-ray shielding. Shielding against
X-rays 18 of primary importance and neutron shielding is
usually of secondary importance at an accelerator installation
that fails within the scope of this Handbook.

IV. Installations
11, Structural Details

11.1. Primary protective barriers shall be provided for
any area exposed to the primary beam. Adequate shielding
at the highest operating energy of the accelerator will
generally be more than adequate at lower energies.

11.2, The required thickness of the primary protective
barrier should be determined from table 12 of appendix I,
together with the accompanying explanation.

11.3. The degree of attenustion offered by the barrier
should be at least equal to that of the barrier indicated in
table 12,

11.4. The data in table 12 are based on a concrete density
of 147 Ib/ft3. If the density is different from this value, the
barrier thicknesses shall be increased or decreased in inverse
proportion.

11.5. The shielding requirements on the door to the
radiation room can be reduced by putting the door at the
control-room end of a maze leading to the radiation room.

11.6. The area containing the accelerator controls should
be separate from the radiation room.

11.7. Holes in the barrier for pipes, conduits, and louvers
ghall be provided with bafHles, so that the radiation trans-
mitted through them does not exceed that transmitted
through the surrounding barrier.

11.8. Windows and doors shall offer the same degree of
attenuation as that required of the barrier in which they
are located.

18 SBample computations on installations and barrlers for X.rays up to 2 Mev are described
in National Bureau of Standards Handbook 50, X-ray protection design,
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11.9. Lead, if it is necessary in such structures as doors,
shall be mounted in such a manner that it will not creep
because of its own weight. It shall be protected against
mechanical damage.

11.10. Welded or burned lead seams are permissible,
provided that the lead equivalent of the seams is at least as
large as that required of the lead sheet. ) .

11.11. At the joints between different protective barriers
the overlap shall be at least as great as the thickness of the
thicker barrier.

12. Layout Plans

¢+ 12.1. Location of radiation rooms., The cost of radiation
protection for a high-energy X-ray installation depends to a
large extent upon the occupancy of surrounding areas.
Therefore, the installation should be located as far as practi-
cable from other occupied regions. If the useful beam is
directed frequently toward the floor, the installations should
preferably be located on the bottom floor with the earth
directly below the floor of the radiation room. By using a
one-storv building, the protection requirements are further
reduced by minimizing the need for shielding of the eeiling of
the radiation room, providing the scattering over the wall
is insignificant. Further economy may be attained by re-
stricting the orientation of the beam.

If possible, ail personnel should be stationed at a consider-
able distance from the X-ray target and in directions at large
angles with the useful beam. If this is done, less structural
protection will be required, because the primary radiation in
these directions is lower in intensity and the scattered radia-
tion, in most instances, is less penetrating than in a more for-
ward direction. Advantage should be talken also of the shield-
ing afforded by the iron magnet structure of a circular
electron accelerator,

12.2. The radiation emitted in a backward direction from
the accelerator shall be regarded for protection purposes as
primary radiation originating in the X-ray target with the
same quality as that in the concentrated beam emitted in the
forward direction. The backward beam shall be assumed to
be a fixed percentage ®* of the forward beam. This percentage
must be defined for each type or model of accelerator operat-
ing at & given intensity and peak energy.

12.3. For an accelerator with restricted beam directions,
considerable saving in structural shielding requirements can

1t A typles! value of the ratio of back-beam ntensity to forward-beam intensity of L percent

has been obtalned for s 22-Mev betatron operating with 2 milliwattsfem? in the forward beam
at 1 m from the target.
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be obtained by enclosing the accelerator with a shielding
barrier close to the magnet and provided with a small aper~
ture; thereby practically limiting the primary radiation to
the useful beam.

12.4. All wall, floor, and ceiling areas that can be exposed to
the useful beam shall be provided with primary barriers.!”

12.5. The factors to be applied in using table 12 shall be
those resulting in the greatest barrier thickness for any
operating condition. By “operating condition” is understood
any orientation of the useful beam, any target distance, and
degree of occupancy that may apply during the normal opera-~
tion of the equipment.

12.6. All wall, floor, and ceiling areas not provided with
primary protective barriers shall be shielded with secondary
protective barriers. The secondary barrier shall be of thick-
ness sufficient to reduce the direct and scattered radiation in
occupied spaces below maximum permissible levels.'®

13. Special Requirements for Medical Installations

13.1. Means shall be provided for the continuous observa-
tion of the patient during treatment.

13.2. Observation windows, periscopes, or similar arrange-
ments provided for this purpose shall give at least the same
degree of shielding as that required of the barriers in which
they are located.

13.3. The observation window shall be so located that it
cannot be exposed to the useful beam.

13.4. A wall or barrier that is sufficient to reduce the
leakage radiation to 0.1 percent of the useful beam shall be
between the accelerator and the patient. Both measurements
shall be made at the target-to-patient distance.

13.5. Permanent diaphragms used for collimating the useful
beam shall provide the same degree of protection as the
shielding wall just described. Adjustable beam-defining
diaphragms shall prevent transmission of more than 5 percent
of the primary X-ray intensity outside of the useful beam.

13.6. All linear and angular adjustments of the accelerator
magnet shall be provided with mechanical locking devices to
prevent shifting during treatment.

13.7. An ionization chamber fixed in or near the useful
beam should be provided to indicate either radiation inten-
sity, or total radiation exposure., A reliable check of the

1 The thickness of such barriers may be zero if the distance to the occupled areas ls suffictent
to reduce the exposure below the permissible level,
8 At the tlme of printing, no data are available on secondary protectlve barrlers.
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monitor equipnent by an independent standard ionization
chamber should be made before each treatment day.

13.8. The exposure control shall bs provided with a means
to terminate the exposure after & preset time or exposure,

14. Special Requirements for Industrial Installations

14.1. A shielding barrier attached to the accelerator, or
close to it, should be used where practical.

14.2. The orientation of the X-ray beam should be re-
stricted as much as possible.

14.3. The useful beam should be so directed that it must
be scattered at least twice before it ean go through openings
in secondary protective barriers,

14.4. Solid concrete blocks may be used for barriers pro-
vided the blocks are so stacked that no continuous crack
extends through more than 50 percent of the barrier. In the
useful beam no continuous crack should extend through more
than 25 percent of the barrier.

14.5. Consideration should be given to the protection of
crane operators and other workers who may occasionally be
located directly above the radiation room. As an example,
interlocks should be provided in order to limit the erane
operation to locations shown safe by a radiation survey.

15. Special Requirements for Research Installations

15.1. Research installations may be operated without the
degree of shielding required for a medical or industrial
installation, provided:

(a) The average weekly exposure to radiation in occupied
surrounding areas does not produce & dose in 1 week that
exceeds one-half the permissible value ligted in table 1, page
4. 'The low dose can result either from personnel spending
short times in the specified areas or from a small work
factor of the accelerator.

{(b) All persons in the neighborhood of the equipment carry
pocket dosimeters, ionization chambers, or film badges.

{¢) A record is kept of the operation of the equipment,
including the direction of the beam.

(d) A diagram is posted at the control desk that clearly
indicates the accelerator, protective barriers, and occupied
areas. The radiation levels should be given at representative
points for the highest anticipated output of the accelerator.
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V. Surveys ¥

16. Responsibility and Time of Survey

16.1. Routine operation of the accelerator shall be deferred
until the complete survey has been made and the installation
has been declared in compliance with the recommendations
presented in this Handbook,

16.2. A qualified expert shall conduct the survey, and shall
make a complete report of its results, as described below, to
the official responsible for the installation.

17. Radiations to be Measured

17.1. The survey should include determinations of the dis-
tributions and magnitudes of the following quantities unless
otherwise decided %y the qualified expert:

(a) Useful beam within the radiation room.

(b) For medical installations only, leakage and scattered
beams (including X-rays, neutrons, and ionizing radiations)
within the radiation room,

(¢) Dose rates in all occupied areas.

(d) Radioactivity in the radiation room.

18, Characteristics of Acceptable Instruments ®

18.1. In %eneral, Geiger-Miiller counter instruments should
not be employed in surveying occupied areas, because they
are not capable of measuring the high instantaneous radiation
fluxes obtained from circular electron accelerstors.

18.2. Tonization chambers, which measure the average
current or total charge collected during exposure, are ac-
ceptable instruments provided their linearity, correction for
ion recombination losses, and calibration have been estab-
lished. The instruments shall be tested at the high instan-
taneous radiation fluxes obtained from circular electron
accelerators,

18.3. Photographic film is a suitable substitute for
ionization chambers, provided it is properly processed and
calibrated.

18.4. The detection of high-energy X-rays by the pro-
duction of radiosctivity (photonuclear reaction) is not
recommended for a protection survey because of its low
sensitivity.

1 Surveys In this scetfon include electrical, mecbanical, and noise surveys as well as the
radiation survey at an accelerator instaliation.

1 See Natlonsl Bureau of Standards Handbook 51, Radiologien! monitoring metbods and
instruments,
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18.5. All survey instruments or films that are being used
to determine the dose produced by X-rays and electrons
on the outside of protective barriers should be covered with
a thick shell of Lucite (5 em of Lucite is recommended).
Surveys should be made with and without the shell.

18.6. Neutron detection methods are numerous* The
following are the methods that are considered the most
acceptable when properly applied:®

{(a) Slow-neutron detection. (1) Pulse counting ® with
proporticnal BF; counters by means of the B¥(na)Li’
reaction.

Note: (a) Counter walls should be essentially transparent
to neutrons.

{b) Bi.epriched BF, can be emploved to increase sensitivity.

{¢) The response to neutrons above (.5 ev should be estab-
lished by placing & 0.030-in. eadmium shield around the eounter.

Such a shield will eliminate nearly all neutrons below this energy.

(2) Balanced-ionization-chamber method to eliminate the
effect of stray radiation and to avoid the basic objection
to the use of a counter (see section 18.1)., One chamber is
filled with BFy and the other with argon. This method
can be applied to measure slow-neutron flux densities from
10 to 10* neutrons/cm?/sec.*

(b) Intermediate-neutron detection. (1) A paraffin moder-
ator placed around the slow-neutron proportional counter,
lonization chamber, or appropriate foil will reduce the
incident energy of the intermediate neutron so that the
resultant slow neutrons can be measured.

(2) Cadmium shields outside the paraffin moderator can
be used to eliminate the neutrons that were originally slow.

(c) Fast-newtron detection. (1) Proportional counter and
twin ionization chambers using methane filling in place of
BF; filling are useful because they have no directionsal
characteristics.

(2) “Tissue equivalent” proportional counters® dis-
criminate against low values of X-ray intensities, but have
the usual directional characteristics,

1 See B, J. Moyer, Survey methods for neutron flelds, UCRL 1694, Feb, 1952; B. J. Moyer,
Survey methods for fast and high-energy neutrons, Nucleonics 18, No. 5, p, 14 (1952); and H. H.
Rossl, Status of neutron dosimetry, Nucleonics 18, No. 9, p. 26 (1952},

2 The degree of acceptability of the methods available depends to a latrge extent on the
nentron energy range in question, the complaxity of the neutron energy distribution, and
the technique used {n making the measurement. For sccelerator measurerents, where
the puised nature of the X- Ys and the complication of stray X-rays influencing the neutron
measurement are unsvoidable, the two simplest methods are the use of calibrated folls of
indlum or rhodium and the nuclear-plate technique of detecting recoil protons.  However,
both these methods, slthough simple in principle, sre difficult to calibrate accurately.

¥ The moderation (slowing-down) time of neutrons is several microseconds. This long
time prevents the pileup of neutron counts snd helps overcome the objection to & neutron
i)slﬂxse counter, which is the same as that of a Geiger-Miiller counter in this respect (see section

3.
# See footnote 21,
# 8ee G, 8, Hurst, R. H. Ritehie, and H, N. Wilson, A count-rate method of measuring fast
neutron tissue dose, Rev. Sci. Instr. 22, 981 (1951},
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3. Survey Procedure
19.1. Electrical, Mechanical, and Noise Hazards

The survey should ascertain whether adequate prgti(;?é);}
is provided against clectrical, mechanical, and noise ha .

as recommended in seetion 11,
19.2. Primary Beam
(a) X-rays. (1) The useful beam shall be located and

3 2% 27
i and: > Anner.
asured in a standardized mant . 1 5
me(Z) The beam position # ar}d intensity 2 should b(«{e Irtlet?ﬁ('
ured in any case and if practical should be measured a ,

i i xi tput.
operating energies of maximum ou _
ac(E(él)er%ioer pgssibilitb - of stray beams arisimg from poxiltlcl)ﬁxg
of the accelerator tube other than the intended target sho

i igated. o ) ]
be (gl)vefiflléogmphic or iomm%pn Fethofdzhshos(};ilsgme;m%
to survey the entire orbit plane o e accelerator,
Eﬁ?ﬁ%ber being operated at 1ts highest practical output.

practical, this should be repeated at several operating-energy

Set{gg%lectmn& (1) The electron-beam intensity should

luated as discussed in section 9.2. . ‘ )

be (galtliachines generating1 anXem%ggeiptn prlrrln‘ggefglreectrgﬁe
e considerable X-radiation. , the
%ﬁ?y-gggilfocntion 3 and intensity * should be deter{)nmed
in addition to the location and intensity of the electron beam.

19.3. Regions Outside Protective Barriers

jati i tside
raus. (1) The stray radiation for regions outs
pré%gcgﬁvzaybarri(ex?s shall be me::@us-m‘;’edt fptr ?1'1 haégcées;;:i(i
‘th the accelerator operated at 1§ RIgHEs:
%f:gglewéutpllt,. If the accelerator magnet 18 mobile, the

i i
% The Xras bea e e S el ”’"“"i’r’;‘;%‘fp‘%@?{’:’;&%.%"52&2?333&??&2&%
employan a o A
:ii;ﬁé‘eii giﬁifﬁﬁgﬁgﬁéfg?&eﬂﬁimz&m chamber mounted on 8 traveling carrings that can

. t means.
B remotely 30331?3&34:%5,&“%:?53331@ X :atlable that will give directly the enerey floe
o simz%har rimary X-ray beam (see section 9, Methads of mea(s)lfn;eré) O e rmeter
Qo el apprc Smation to this quantity can be obtained by the g!se o B oo ouid be
E’éﬁ*‘fﬂ acg il;gated lo resd csugcmgﬁapdtsg{;&%régef?o&ytg:&!rtéet?,osirfﬁﬁre practically unl}
{ 1 cien 1 the
g tbeipri%}a;;y 1235’15—'3@ st.‘llne maximum dimension of the chsrfaber{n ;el‘;; :iessg}ggso‘
iy ﬂgi h will be called the esu/emh, divided by exposure time ! eoonde B ons
e It 18 pro rtional to the primary beam intensity. The appmxm;?\wnsityxﬁme
Bgre s prgposer r-meter chamber reading and the radistlon exposure (d e e
e m?‘xe-?u enargy is given in appen dix B for two sccondaryt%tan ;ter e
2331&13?%%2 0 ’I‘besey are 8 cﬂn(iens.elé1 r-meter &?ﬁtﬁ (lt‘)hxixclgucg ti;a((i) faltea de WRc(erence L b
it mounted at the center o D - .
%%tg:éé;&c;%%g g)l Protection against radiation hazards.

1 See footnote 26. \ e
:" %"ﬁe’%%ni?tgﬂe of the accelerator is assumed to be the same a8 the median pla he
onut.

a1 See footnote 26.

1 Gee footnote 27,
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stray radiation should be measured for all representative
positions.

{2) The procedure outlined in section 19.2 (a) is applicable.
Ionization-chamber readings with and without 3 the thick
Lucite shell ¥ (5-em thickness is recommended) should be
made. The readings should be determined as close to the
outside of the protective barrier as possible. (Reference
should be made to section 18.5 and footnote 42.)

(3) The primary-beam intensity shall be measured and
reported along with the stray radiation.

(4) Rate-indicating lonization instruinents are suitable
for establishing the stray radiation distribution rapidly.
However, several representative points on this distribution
shall be checked by means of integrating ionization chambers
or photographic film. ’

(3) The survey results shall be reported in the form of a
scale drawing of the surveyed area, showing tlie accelerator,
protective barriers, and occupled areas on which the radia-
tion levels are given at representative points for the highest
practicable output of the accelerator.

{8) Where radiation levels exceed the recommended per-
missible levels, the source of the radiation should be deter-
mined and the possibility of additional shielding should he
investigated, 1f special circumstances preclude this remedy,
the area in question shall be plainly indicated on the report
and warning signs should be erected that state plainly the
maximum weekly period permissible for occupancy.

(7) The report shall include a statement of the instruments
emploved, date of the survey, recommendations for improve-~
ment of the protection if any were found to be necessary, and
a signed statement by the qualified expert as to whether the
iniimllation is or is not, in his opinion, compliant with the
code.

(8) The survey should include measurements made with
an objeet that has appreciable size and absorptive power
placed in the primary beam. This object should preferably

be typical of those likely to be placed in the primary beam
in routine use of the accelerator. If the scattering produced
by the object raises the radiation levels in occupied aress,

i The fonicatjon reading with a S-cm-thick Lucite shell is expeeted 1o be slightly less than
the reading without the Lueite shell when the chamber i8 closé to the cutside of a concrete
protective barrier,

# The ysefulness of the thick low-atomic-number wall roaterial (5 e of Lucite is recom-
mended) 1s apparent (rem the fact that this insirument can be used to measure the primary
beam intensity as described In footnote 27, Also, on the outside of a protective barrier, the
same instrument will record 8 value of the measured ionization in esufem?® that can be con.
verted to a dose at the position,  In the cose of & concrete protective barrier, the dose will be,
for the purpeses of protection, 8 gond approximation of the dose recelved by persunnel ar the
position in question, The conversion factor from the ionization reading to the dose i3 93
ergs/g for 1 esu/om? of lonization.  (See fig. 8, p. 370

23


http:loeati.on
http:mannpr.25

the higher reading should be taken as the radiation level at
the point surveyved.,

(by Electrons. Machines gencrating external electron
beams should be surveyed by the same general procedure as
for X-rays. Tl reference beam intensity shall be the cur-
rent of primary electrons, determined by the methods sug-
gested 1n section 111,

(¢) Neutrons. {1y The neutron flux densities for at least
the three lowest energy ranges (see neutron cnergy classifi-
cation, section 1.32) shall be measured® for all accessible
areas with the accelerator operated at its highest practicable
output.

(2 The survey procedure outlined in section 19.3(a) for
X-rays shall also apply to neutrons.

(d) General. 1f the output intensity of the accelerator is
increased by & factor of more than two, or if the general dis-
position of the accelerator is changed appreciably at any
time subsequent to the original survey, a new survey shall be
instituted in order to insure that no dangerous change in the
radiation pattern lhas occurred.

19.4. Additional Radiatlon Hazards

In addition to the radiation existing within the radiation
room during normal operation® other hazards may exist.
Measurements should be made in the radiation room in order
to evaluate the extent of hazards of the following type:
() Dangerous amounts of radioactivity that may exist
immediately after ceasing accelerator operation.?

(b} Stray radiation that may be present when the accelera-
tor is operating under abnormal conditions.®

VI. Working Conditions
20. Responsibility

20.1. The safety of the working conditions of the personnel
of a circular electron-accelerator shall be the responsibility
of the safety officer.

* Sep section 12.6 for the characteristics of Instruments for measuring neutron fux densitles,

¥ See section I, Protection against radlation hazards.

g} A person entering (and remaining In) the radiation room containing an acecelerator
with an external electron beam immediately after a 20-min exposure of the alr to a 50-Mev
electron beam could receive a total dose of the order of L rad,  This dose was calculated by
assuming that a saturation activity in the air isattalned In sbont 20 min becsuse the N and
OM radioactivities have o 10-min and & 2-min half-lfe, respectively. The electron besm cur-
rent that was assumed would produce an X-ray besm with an Intensity of 4 milliwatts/cmd st
1 m from a tungsien target.

(b} Magnet components and particularly the donut In an X-ray betatron or synchrotron
:guld be dangerously radioactlve. The extent of this hazard should be eveluated during the

Y8y,

# Examples: (a) Even though theelectron ejector is disconnected during sccelerator opera-
tlon, the electrons can stiil produce a dangerous level of radiation. {(b) Operation of the
accelerator and the apparent eliminstion of X-ray production by a misadjustment of the In-
jection timing may constitute s radiation hnzard,
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20.2. The safety oflicer shall be responsible for the instruc-
tion of new personnel in safe working practices and in the
nature of injuries resulting from overexposure. He shall
also promiulgate safety rules for the installation, including
restrictions in operating procedure indicated to be necessary
by the radiation survey (see section 21).

20.3. Every new employee shall be required to familiarize
himsel{ with those sections of this Handbook selected by the
safety officer as pertinent to his job, and sign o statement to
this effect. This statement should be kept by the safety
officer.

20.4. Extreme care should be taken to prevent unnecessary
exposure and the misuse or intentional omission of protective
devices,

21. Personnel Monitoring

21.1. Unless the qualified expert decides otherwise, the
safety officer shall require that all personnel associated with
the operation of an accelerator shall be continuously moni-
tored individually for identification of any overexposure and
indication of any remedial action necessary.

21.2. The personnel monitoring * data shall be retained in
a permancnt record by the safety officer and should be
available for examination by all personnel.

21.3. Either a single film badge® or two pocket meters, ¢
or both, 4 should be used in monitoring personnel.

21.4. A portable ionization-chamber-type survey meter
should be available at all times during the operation of an

# The radiation from circular electron-aceelerators can be very well defined and the axposure
of all contignous aress nader any condition or orientatinon of the accelerator can ba accurately
predicted. Accordingly, the construetion preeauttons, tozether with the preliminary surveys
discussed in earlier soctions, should make It possible to define those areas in which no personnet
should be present during operations of the secelerator.  Major reliance for personnel protece
tion sbould rest on sueh provisions and not on personnel monitarine.

# Film badges provide an affective and convenient method of monftorine the appreximate
{ntegrs! dose recelved by an individual in a given time interval,  An effectivo system is one
{n which ecach staff member wears & suitably calthrated photographic dosimeter durlng each
warking day of 1 week and exchangoes the film for a new one at the bezinning of each week.
The tntegral dose recetved om the film during the week can then b2 evaluated from density
measurernents on the sxposed film emulsion.  Great care is Nece ¥ in tue handling, devel-
oping, and densltometry of 4lms used for this purpose, Prox control lms should he
processad simultaneously with the personnel films. Commercial Alm-badge Service Is now
available, A limitation inherent in the conventional photographic method is that the dose
reccived durlng any week (3 not known untll a few days after the termination of that particular
week. For rontine use of an necelerator in which all procedures have been standardized,
this limitation I8 not a serious dlsadvantage, Reference should be made to: M. Ehrlich
and S, H. Fitch, Photographic X- and gamma-ray dosimetry, Nuclzonics 8, No. 3, p. 5 (1851)
and a ?\'?;tmngsl Bureau of Standards Handbnok, Photographic dosimetry (In preparstion)
by M. Ehrlich.

Sil Various types of pocket meters are now commercially avaflable, A useful type is the
self-reading meter, which consists of a condenser {onization-chamber, together withan optical
systermn, seale, and self-contained electroscope. 'This meter {s pen-shaped and 18 charged on
8 small battery-operatey charger. Theaccumulated dose is read by viewing the scale against
any source of ght. Full-seale sensitivity Is of the order of 0.20 r. Such meters should be
made available to personnsl when engaged in new operations or on any oceasion when it 1a
dasirable to know the accurnulated dose during or immediately alter the course of the work,

41 Recomnmendations of monitoring procedures speelfically suited for high-energy accelerator
personne! esnnot be made at present, However, in genersl, the procedurss in use at low-
anergy jnstallations should be applicable.
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accelerator, so that rapid checks for radiation hazards can

be made.
22. Health

22.1, The safety officer shall be responsible for the
protection of personnel ageinst radiation and electrical
injuries and for the enforcement of the following regulations
for all employees,

22.2, Preemployment examination.

(a) The safety officer shall keep as a record the preemploy-
ment examination report of each one of the accelerator
personnel.

(b) The preemployment examination shall entail an
occupational history: a description of any unusual radiation
exposure resulting from: previous occupations, diagnostic
radiographic examinations, or any radiation therapy received
(including infancy and childhoog); a detailed family history
({for hereditary disease); and a complete physical examina-
tion, including a routine urinalysis, a chest X-ray, eye
examination, and a blood count. In the case of a married
individual without children, it is desirable to have a record
of whether or not the absence of children is due to contra-
ceptive measures.

(c) The eye examination shall pay particular attention to
the presence of cataracts because the eyes are believed to be
particularly susceptible to such damage by the fast neutrons
that are produced by agcelerators,

(d) The safety officer shall review all reports and take
action when significant changes are found. When any
worker exhibits any effects attributable to radiation over-
exposure, he shall be removed from his job and be placed
under the care of a physician. An immediate survey shall
be made to determine the source or cause of his overexposure.

22.3. The complete physical examination shall be repeated
annually.

22.4. All reports of physical examinations shall become a
permanent record.

VII. Appendixes

Appendix A, The Roentgen and Radiation
Units Above 2 Mev

The roentgen # (see sections 1.52 and 8), which refers to a
“quantity of X-radiation,” is defined in terms of the energy

(l;’éf. 8. Taylor and U, Fano, Dosage units for high-energy radistion, Radiology 58, 743
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transferred from X-rays to ionizing particles in a standard
mass of air at the point considered. 1f the ionizing particles
deposit their energy in the immediate vicinity of the point,
the quantity of X-radiation in roentgens is directly propor-
tional to the energy absorbed per gram of the medium at that
point. The roentgen is also related to the incident quantity
of Xeravs (1. e., intensity X time) if the cffective absorption
coefficient is known. Therefore, at energies below about 2
Mev, the roentgen can be used, cither to specify the quantity
of radiation or to gpecify the eventual energy absorption in
an irradiated medium. It is a convenient and useful unit
because of this dual capability.

At X-ray energies above 2 Mev, the roentgen is not
recommended for use, either as a unit of X-radiation quantity
or as g unit of dose,

However, 1f high-energy X- or gamma-radiation were to
be measured in roentgens, & measurement would have to be
made of the total dose (or ionization) produced by the
secondary electrons that have originated in 1 cm® of air at
normal temperature and pressure,

Since the range of the secondaries, even in solid materials,
is so large at energics above 2 Mev, measurements in roent-
gens become meaningless and impractical. As an illustra-
tion, the knowledge of the quantity of high-energy X-rays in
roentgens at o point would give no clue to the energy absorbed
in the medium at that point,

Conversely, the measurement of dose in reenigens becomes
increasingly difficult at energies above 2 Mev., In order to
ilustrate this difficulty, figure 1 is provided to show the
principle of electronic equilibrium. By the proper applica-
tion of this principle, under certain conditions, the total
ionization resulting from the secondary electrons produced
in 1 c¢m®of air can be derived from the ionization from elec-
trons entering and crossing that same air volume, Thus if
equilibriurn exists it is possible to measure the jonization
equivalent of a roentgen.

Freure 1, Conditions for elecironic
equilibrium,

Electronic equilibrium requires thut for -
each elegtron leaving the measuring eavity,  ANANSUY- )
an equal enerpyv eleetron enters.  As ilhus- X~ RAYS L
trated above, the jonization from the seg-
ments of tracks in the volume from which
jonizatinn s collected {5 equivalent to the
ionizatinn along the emtire track of the elec-
trom that originateel in that volume.
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BT

3
[ B JUBUS R S |

VOLUME FROM WHICH
HORIZATION 1S COULLEGTED

ELECTRONIC EQUILIBRIUM

[ S}
-]



L0 = T__ T "'“1

° O | |

& S '—~- |
2, IR -
3 el ‘ ‘ \ FicUre 2. Fractional number of
g | N photons transmitted through an
. ! S— . .
&5 T \\ air wall of thickness equal to the
z .4 | mazimum range cf the secondary
% . \ electrons.
g

A

[e] L | H i 1 A

A
050 QX QS W 25 &0 0 29 80 00 230 K0
FHOTON ENERGY, Mav

For electronic equilibrium # to exist it is necessary that
secondary electrons are produced uniformly throughout the
entire volume from which the electrons may reach the cavity.
In particular, it is necessary to have the radiation intensity
constant in the wall of the measuring cavity for & distance at
least equal to the maximum range of the secondary electrons,

Figure 2 shows the fraction of X-ray photons transmitted
through a thickness of air equal to the range of an electron
whose encrgy equals the photon energy.* For electronic
equilibrium to exist, this fraction should be 1.0. As the
X-ray photon energy increases, the fraction transmitted
becomes smaller quite rapidly, so that equilibrium approxi-
mations become worse. At 2 Mev the fraction transmitted
is about 96 percent and at 100 Mev it is about 58 percent.
In actual practice, equilibrium conditions may be somewhat
better than figure 2 indicates, because of the fact that
secondary electrons have a distribution in energy ranging
from zero to approximately the primary photon energy.

Since the conditions for electronic equilibrium eannot be
satisfied above about 2 Mev, the primary radiation exposure
(or quantity) can be obtained from the ob'served ionization
only by means of a tedious and uncertain calculation to
determine the number and energies of the secondaries.
Even then, the ionization at & given point is a measure of the
radiation exposure at various positions closer to the source of
the secondaries. The average position of production of the
detected secondaries is dependent upon the primary radiation

# Eleetronic equilibrium should not be confused with the equilibrium thickness as dﬁﬁr}ed
in sectisy 1,18, p. 2. The equilibrium thickness refers to o maximumn in the_cprvv' of ioniZza-
tlon wersus depth end implies only that the ionizntion from secondaries originating at that
depth equals the ionization {rom secondaries stopped at that depth. Sinee the ionization per
unit depth produced. by low-energy electrons is bigher than that of high-energy electrons,
there are fewer electrons stopped than are produeed at the equilibrivin thickness.  There,
tore, elecironic equilibrinm does not exist. L

WY, Heitler, Quantur theory of radiation, p. 215, 223 (Oxford University Press, 1936),
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energy and the material. The complete solution for the
measurement of radiation exposure In roentgens becomes
quite complex.

A more logical approach to the measurement of primary
X-radiation exposure is the direct measurement of the inci-
dent radiation energy per unit area by means of a
calorimeter.¢

The calorimeter measures the incident energy by recording
the total energy absorbed. A calculation of the number and
type of secondaries is unnecessary and the interpretation is
straightforward. 'This procedure is recommended.

Similarly, the more logical and practical approach to the
definition and measurement of dose is in terms of the energy
absorbed at a point in a medium. The absorbed energy in
ergs per gram can be measured most conveniently and
accurately at the present time with an ionization chamber.?

Because of the above considerations, the present recom-
mendations disregard completely the roentgen. The recom-
mended unit of radiation exposure for energies between 2
and 100 Mev is watt-second per square centimeter. The
recommended unit of radiation intensity is watt per square
centimeter. The analogous unit for a dose rate is watt
per gram, The reconunended magnitude for the dose-rate
unit 18 1 erg/g/sec.

A summary of the radiation units and their conversion
factors is shown in table 6.

Tasre 6. Conversion factors for radiation units.»

To convert from (A) To the unit (B)] Muitiply (A) by
Radiation 8Xpo- {fesufem?. .. .ooomeeeeooeonnn. watt-sec/iomi .| bE.7X 10~
BUMG.cwv e v watt-secfoms. . ... ___.. erg/emi . ... 10
effective quanta (Q)/em?....] erg/emd ... _ #1,6C10-9
Radiation inten- Ey (Mev)
P A { watt/em? ..| erg/cm?/sec....| 107
effective gquanta/em?¥min 2.7X10-18 K
fradd / 106E° (Me7)
_____________ radd | OTRIE e
Dose. \watt-sec/g.. . Joergig..... 107
Poserate.__....... WAL/ e e erg/i/sec. 10

s See section & Units of measurement, table 5.

b This specific factor applies to the esu/cm? as measured in an 11.5-¢cm Lucite cube with s
22 5-Mev operating energy. See appendix B, Secondary standards {or measuring X-ray
intensities.

e 8ee W, Blocker, R. W, Kenney, and W, K. H. Panofsky, Transition curves of 330-Mev
bremsstrahlung, Phys. Rev, 79, 418 (1950).

d See geetion 1.43,

6 Bee appendix C, Calorimetrie method of determining X-ray intensities.
4 See section 8.1 {Iy) and appendix D).
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Appendix B. Secondary Standards for Measuring
X-ray Intensities

One of the simplest ways to measure X-ray intensities
is to observe the ionization produced in a chamber under
specified conditions. A shell is usually placed around the
chamber for the purpose of shielding it from lower-energy
stray radiation. This shell also produces secondary elec-
trons, which may contribute the major portion of the ioniza-
tion in the chamber, Table 7 lists some of the materials
that have been used to surround an ion chamber, with
associated references. In several cases, the response of a
particular arrangement to X-ray photons has been calculated
as a function of the X-ray photon energy. These references
have been labeled with a superseript “a.”

The majority of the literature has reported the use of a
Victoreen thimble chamber encased in a thick wall of low-
atomic-number material. The advantages of this arrange-
ment for a material such as Lucite are (1) the ionization

TasrLe 7. Secondary standards

Reference !
Deseription ;
P number |
‘Wall maferial; Afr
1, Ionization vs, Hgbomn energy 13 calculsted assuming equilibrium has
been establirhed.. . erwvenmoaenreom cerrc e mcrear e —— — | 7
‘Wall material: Aluminnm
1. Cylinder contalns an fon chamber. Ionization vs, photon energy i3
CAIUIBLEN | it nmmemm oo g A ————————— {8, 23]
2. Flat ton chamber is placed at depth of § e in aluminura. Ionization

vs, photon energy is caleulated, . . evmuencnn e ie e n e v 7
Cube, ~10 cm on edge, contains Victoresn thimble chamber at genter. .| [6, 13]
lonization in a flat chamber vs. depth in aluminum observed, Integral

under curve represents total absorbed energy v v e m e vme e {3, 18]
Ionization observed in a thin aluminum wall chamber, which transmits

the entire useful beam with very small attenuatfon. Ugefu] a8 &

continuously recording monlitor, but responds to stray radistion. .| [1, 11]

=

Wall material: Carbon

1. Ionization observed in s flat lon chamber placed between two carbon
slabs, each 4.5 cm thick, Jonization vs. photon energy is calculated..| [18, 19]
2, Cylinder contains an ion cbamber, Ionization vs. wall thickness

observed 8t SEVOral ENLIZIBY. v mer e ce e m e msmn cmm e ———— 17
3. Ion chamber placed behind a 4-in. wall. lonization vs, photon energy

19 calerlBted ot e ccemc s cem e v ——— 221
4. Cylinder with 2-in, wall contains 8 Victoreen thimble chamber .. .. _. 18
5. Jonization in s flat chamber vs. de&gh in parbon observed. Integral

under curve represents total absorbed energy e m oo cnvemmmcmanann {3, 16
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TasLe 7, Secondary standards—Continued

Description %ﬁ‘gzgﬁ
Wall materfal: Copper
1. Cylinder contains an lon chamber, Ionlzation vs. wall thickness
observed at seversl energies........... et ————— [17}
2. Ionization in s flat chamber vs. depth in copper observed, Integral
under curve represents total absorbed energy.eamemammmmeceecesonaeen [3, 18]
‘Wall tuaterial: Lead
1. Cﬁlinder with ¥-In, wall, 26-in. outside diameter, 334 In, long with
ollow hemispherical end contsins a Vietoreen thimble chamber.
There are variations in readings due to looseness of 8t .o ooovwoouns (18]
2. C%h:nder with }¢-in, wall, 74.In, outside diameter, 4 in, Jong contains a
‘ictorgen thimble chamber. Open end permits detection of stray
;-adm%mn. Calculation of response to rectangular intensity spectra
S TOBO R« comem it s s s s e e o e et 2
3. Cylinder with 14-in. wall, 74-in. outside diameter, 2 in, long contains a (2
Vietoreen thimble chambDer . . v eess e eome 20]
4, Cylinder with 34-in, wall eontains a Victoreen thimble chamber. _______ {5. 16, 24)
5. Cylinder contains an jon chamber, Tonization vs. wall thickness ¢b-
served at 8everal energies. .. .. .. oo iiiieaan (17
8. Ionization in a flat chamber vs. depth In lead observed. Integral under
curve represents total absorbed energy ... .. ... . ..o {3, 18]
7. Flat sheet, 34 i1 thick, Isplaced {1 front of Victoreen thimble chamber,
This was calibrated against a calorimeter for 320-Mev X-rays..._.... 12}

‘Wall material: Lucite

1. Cube contains a Vigtoreen thimble chamber at depth of 4.13 g/cms,

Tonization vs, photon energy {s ealeulated. ... _____ . _________.
2. 11.5-ci cube contains 8 Victoreen chawber at center ... RO
3. 8-cm _cube contsins a Victoreen thimble chamber at center. This Is

it

calibrated against a calorimeter for 22-Mev X-rays. . .o vvoenann. {14}
4. Cylinder, 334 in. diameter and 544 in. long, contains a Vietoreen thimble
CHBIMDEr 88 COREOT. .ol et e anraen e {1
5. "I;lgnglas" block contaiug & Victoreen thimble chamber at depth of )
.2 om 4
8. Cylinder with 1.95-cm wall containg Vietoreen r-chamber. . [21]
Wall material: Magnesium
1, Cylinder contains an fon chamber, Ionization vs. wall thickness ob-
served at severa] energies. .. .. ...oioneaion et n 1
Wali material: Water
L 8cm cube contains s Vietoreen thimble chamber at center, This is
calibrated against s calorimeter for 22-Mev XerG¥S...mmwmeeneeonn v [14]
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observed is nearly the same as would be observed in tissue
of comparable dimensions, and (2) the errors introduced by
failure to establish true electron equilibrium (see appendix
A) at thicknesses greater than the equilibrium thickness are
less for a material of low atomic number than for one of
high atomic number. As a result the approximation of 1
esu/em® of lonization representing one ‘‘roentgen’” can be
used for rough comparison of effects from low-energy radia-
tion (where the “roentgen’ is acceptable) and from high-
energy radiation.

In view of the above facts, the NBS has used s Lucite
cube, 11.5 c¢cm on an edge, with a 25-r Victoreen thimble
chamber in the center, as a secondary standard for the
measurement of X-ray intensities. A number of experi-
ments have been done with this secondary standard and
are summarized below.,

Figure 3 shows the dimensions of the Lucite shell that
was used. These dimensions place the thimble chamber at
the equilibrium thickness only for an X-ray spectrum with
a peak energy of about 27 Mev. However, since the maxima
are broad, the compromise position gives a reading within
10 percent of that at the equilibrium thickness over a range
of energies from 10 to 50 Mev, and is useful over the entire
range of this Handbook if suitable calibration is made.

For the Vietoreen chamber to record 97 percent of the
beam intensity, the diameter of the beam at 48 Mev should
be at least 3 em. 'This is shown in figure 4, which gives a
plot of the relative ionization observed when a beam, 2 mm
wide by 12 mm high, irradiated different portions of the
Lucite block. The beam should be cleared of electrons of
energy greater than about 12 Mev, because they may pene-
trate the Lucite and produce spurious ionization [1].

A comparison has been made among (a) a Lax chamber,
(b) a 25-r Victoreen thimble chamber placed in an %-in.
lead cap, and (¢) a 25-r Victoreen thimble chamber placed
at the center of the 11.5-cm Lucite cube [19]. Figure 5
shows the ratio of their responses as a function of the peak
energy of the X-ray spectrum.

B - Ficure 3. Hydrocarbon cap for
b P o Victoreen thimble chamber,
HH wren | @ This cube ean be made from 4 or 5 sheeta
[t} = of Lucite, the specific gravity of which should
be L18 to 1,19, The surfaces should be wiped
with ethylene dichloride snd pressed to-
Y = gether,

4 The numbers in brackets in appendix B apply to the references listed on p, 34,
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X ! Fioure 4. Relative response of o
2ol //f\ 26-r Victoreen thimble chamber
w L : in the center of @ 11.5-cm Lucite
§ i cube plotted as a function of ils
g L ! position with respect to a beam
0 (o423 C.0_OF, of 48-Mev X-rays, 2 mm wide
" r-GH{\MSER P . h
- ; and 12 mm high.
COLLIMATED BEAM .
- WTH T g These data were supplied by J. McElhinney.
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FigUre 5. Ratio of the toniza-
tion recorded in various sec~
ondary standards when er-
posed to X -radiation.

“1% in. Ph' refers to a 25 Victoreen
thimble chamber placed in a lead cap ¥
in, thick, “Lueite” refers to a 25
Victoreen thimble chamber plseed iIn
the center of a 11.5-em Lucite cube,
“Lax" refors to {onization observed in &
Lax chamber [15, 19}
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Fiaure 6. Radiation intensily necessary to produce 1 esujom?/min.

The jonization is measured in an air cavity surrounded in one case by Lucite and {a the
other by lead. The data are plotted as a function of the pesk energy of the X-ray spec-
trum from an nceelerator. The circles reprosent ealculated values, which depend strongly
on the rogntgen interpretation at these energies, Experimental values are also indicated on
the diagram.
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By the combined use of (a) the ratios in figure 5, (b)
the theoretical response of an ionization chamber in a Lucite
cube, and (¢) an assumed spectral shape, the number of
milliwatts per square centimeter of X-ray intensity necessary
to produce 1 esu/em®/min of ionization in the chamber was
computed and plotted in figure 6. The comparison of the
Lucite and lead curves with three experimental points is
also given.

For a given-energy accelerator, it is often desirable to
use a Lucite block of such thickness as to place the thimble
chamber at the position of maximum ionization. The prin-
cipal reasons for this selection are to give a large ionization,
and to have a thickness great enough to shield the chamber

from most of the stray electrons accompanying the incident
X-rays.
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Appendix C. Calorimetric Method of Determining
X-ray Intensities

The calorimetric method has been shown to be applicable
with high accuracy to the problem of determining radiation
intensities.** A lead or other heavily absorbing cylinder is
placed in the beam of radiation and its temperature com-
pared by means of thermocouples or thermistors to that of
an identical cylinder that is shielded from the radiation.
Both cylinders are mounted in evacuated chambers and
every precaution is taken to reduce thermal losses by radia-
tion and conduction to a minimum. Care is also taken to
absorb as large a fraction as possible of the X-ray beam.
The absorbing cylinder is made so long and of such diameter
that a negligible amount of radiation is transmitted through
the cylinder or is lost by scattering out of the sides. Back-
scattering, which is small at these energies, 1s estimated from
ionization measurements and a correction is made. Cor-
rection is also made for the energy of escaping neutrons.
Results accurate to 1 or 2 percent are claimed.

3 W. Beattie,
(3. A. Price, Phys. Rev, ¥, 725 (1950); 1. 8, I;,aughlm and J. y
R e G9s1); 1 §. Laughlin, 1, W. Beaitle, . J. Honderson, and R, A!
Harvey, ‘am. J. Roentgenol. Radium Therapy Nuclear Med. {In press),
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Appendix D. Determination of the Dose Produced in
a Medium by X-rays

No standardized procedure has been developed for meas-
uring the energy imparted to 2 medium b high-energ
X-rays. However, application of the Bragg-Gray © law will
provide measurements that are sufficiently accurate for
protection work.

The Bragg-Gray theory has shown that the energy im-
parted to the gas in a small gas-filled cavity in a medium is
directly proportional to the energy that would be dissipated
in the medium at that point in the absence of the cavity.
This theory results in the relationship

Ena=220 JW=pJ W, (1)

Py

where Eges is the energy per cubic centimeter that is im-
parted to the medium; J is the number of ion pairs per cubic
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centimeter produced in the gas; W is the average energy
dissipated per ion pair formed, and can be assumed to be 32.2
ev per ion pair; p is the ratio of the stopping powers of the
medium (pwes in Mev/em) and the gas (pgas in Mev/em) for
the ionizing particles. W and p are each known to within
a few percent for the gases and materials of chief importance,
and J can be measured to almost any required accuracy.
Hence, an ionization measurement permits one to_calculate
energy absorption in ergs per gram with an absolute error
that should not exceed 5 percent.

Figure 7 provides the ratio of stopping powers in Mev-cm?/g
for several common materials (see footnote 50). Figure 8
provides the relationship between ergs per gram in water
and esu/cm® in air as derived from the Bragg-Gray relation-
ship by Laughlin® The conversion factor is plotied as a
function of primary electron energy and includes the effect
of the associated secondary electrons.
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Fraune 8. Average energy absorbed per gram of waler for each electro-
static unit per cubic centimeter of air ienization in a cavily in waler,
as & function of the energy of the primary electron.

This curve was obtained from J. 8. Laughlin, et al., Radlology 8%, 165 (1953)

[ —
%13, 8. Laughlin, J. Ovadia, J. W. Beattle, W. J. Henderson, R, A. Harvey, and L. L,
Haas, Radiology 60, 165 (1053).
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Appendix E. X-ray Absorption Coefficients
for Monoenergetic X-rays
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Appendix F. Theoretical Half-Value Layers of Various
Materials for 7.5-Mev X-ray Photons

The half-value layers given in table 8 correspond to an
average incident energy of 7.5 Mev, which corresponds
approximately to that obtained from a 20-Mev betatron.
They were derived from the sbsorption coeflicients of ap-
pendix E and represent the thickness necessary to reduce
the primary X-ray intensity to one-half of its initial value.
They should compare approximately with the half-value
layers measured in practice at depths in a substance that are
greater than the equilibrium thickness in that substance.
The half-value layers found in practice are known to vary
slightly with depth.

TasLe 8.  Theorelical half-value layers of various materials for 7.6-Mey
X-ray photons

i m
i I I .

‘o | Thiek- ; ¢ Thick-
! Material [ pess §§ Material | ness
| ! 'II]
W in. in,
CoAluminom. e 4.1 I 1.
| Concrete (147 b/t 5 0.52
| (ass, leaded R 1.8 i 0.9
| Glags, plate. o ominerienans 5.0 !l

Appendix G. Characteristics of the X-radiation
from a Circular Electron Accelerator

The X-rays from a circular electron accelerator are pro-
duced by the interaction of high-energy monoenergetic
electrons with a target of thickness 2z cm and atomic number
Z. 'The main characteristics of the X-radiation are the
shape of the X-ray spectra, and the angular distribution of
the X-ray intensity about the incident electron direction.

A detailed description of these characteristics is difficult
and has been the subject of a series of papers. The following
description, which is intended to provide a very general
picture of the processes involved in X-ray production in an
accelerator, is given in three parts: (1) The X-ray spectra
shapes to be expected from an accelerator under idealized
conditions are discussed, (2) the useful concept of radiation-
length units is described in order to facilitate an under-
standing of the scientific literature relating to X-ray pro-
duction, and (3) a summary is given of the available predic-
tions on the angular distribution of the X-rays from an
accelerator target.
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1. Shape of the X-ray spectra. An electron of energy E,
in traveling through a target will radiate as X-rays a fraction
of its energy in the distance dz. The average electron-
energy loss per centimeter of path is given by

dEo_ (s k
T =AJ; koed (Eo—‘#), @

where £ is the X-ray photon energy in Mev, u is the electron
rest energy equal to 0.51 Mev, IV i1s the number of atoms per
cubic centimeter, and ¢, is proportional to the probability
for the emission of an X-ray photon of energy k in range
A/ Ey—p).

L. 1. Schiff ** has derived the expression for ¢, using the
Bethe-Heitler theory. His result is given approximately
in the formula

k 8¢ Eo(dk) sin 8,d6,
(i (: :) - I‘,
ker o ; [1 . yoh 90)2]2 (3)
I
where_
¢=5.7X107287% cm?.

fo=angle between the incoming-electron direction and
the secondary X-ray direction. 6 is assumed
small.

F=[2(1—¢) (In a—1)+¢* (In «a—1/2)], a quantity pro-
portional to the intensity (the number of X-ray
photon times k) spectrum in the forward direction.

oy _(2FE\N/ E,—k\. 111
@t )R ) Tz
e=k/E,.

The integration over the angle 6, results in an intensity
spectrum whose shape is very similar (within 109) to the
shape of T' but whose analytical form is more complicated.
No detailed experimental or theoretical examination has
been made of the shapes of the intensity spectra of the X-rays
from a 100-Mev betatron or synchrotron. Because no other
sEectrum has been proved to be more exact, and because of
the simple form of the forward spectrum (T, the spectra
obtained from I' have been tabulated in this Handbook.
Table 9 supplies values of FE2I/k for various E,’s. This

81. 1. Schift, Phys, Rev. 83, 252 (1951),
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quantity gives the relative N-ray spectrum in terms of
numbers of photons of each photon energy that would be
radiated per high-energy electron.

TaBLE 9. Relative numbers of photons of various energies in terms of
Eg*T/k as a funcuon of k

X-rav t Electron energy, I, in Mev
photon !
en(ergy ‘ | ! : “ i \!
i 5 5101250 0 1481 158 .51 ¢ 18,51 | 20.51
in Mey | 55| 851 | 831 } 10. 51 1 12.51 1 1451 [ 1551 | 16.51 RN

\

I R
213
120
S48
o0,

41,
21,

24.51 . 25.51 i 26.51 |

| | i
1261 1370 1484 41725 1984

553 1635 690 931
360 | 293 i 428 533
1 251 275 i 300 412
P18% 206 2% 312
wr lwe 210 2486 349|471 6il 770

132

Table 9 continued on page 42.
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TasLE 9. Relative numbers of pholons of various energies in terms of
E@T ik as a function of k—Continued

X-ray ! Elcetron energy, Ev, in Mev

photon .

energy i ’ |

i ey | 6051 051 L s081 | 8051 | 10041

i

4217, 5546 | Tose ¥749
1eb | o210 | 333 4167
1229 I 1641 : 2115 2648
865 | 183 | 1307 1596
653 | 882 1148 1430

! i
516 | 00 i g4 1158
422 873 7 953
355 | 481 831 802
305 | 413 541 689
267 361 472 600
530
T4
428
392
361
335
312
r 287
i 245
! 19.0

i

The numbers of X-ray photons from table 9 are plotted
as curve 1 in figure 10 for a thin tungsten (Z=74) target
as a function of £ for a betatron operating at an energy of
16 Mev. Since the total energy of the electrons in this
betatron is 16.5 Mev, the maximum value of £ is 16 Mev.

It should be neted that the quantity usually plotted in &
standard reference is k¢, /Eyp (which is 8F,I'/y%) as a fune-
tion of k/(Fy—u). 'This plot is the X-ray intensity spectrum
shown as curve 2 of figure 10.

2. Radiation-length unit. A convenient quantity in X-ray
theory 1s ¢,q, which is proportional to the probability of
energy by radiation, of an electron, per centimeter of path.
This probability is defined by the equation

dE, R k
_E?_NEWN, where ¢"’”"‘?§,‘;j; kénd <_Eo—;_/1 - (4)

For high energies ¢, 18 given approximately by é%,, where

$na=4¢ log (18329 em?. (5)
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Fravre 10.  X-ray photon spectrum (curve 1) and iniensily spectrum
(curve 8) for thin-targel X-rays from a 16-Mev betatron.

Therefore, for convenience, assume at all energies ¢..=
Ko¢X,, where K is a correction factor, which is of the order
of unity and is very little dependent on Z or £, as is shown
in table 10. Then

—dE,=NEK¢*, dz= EKd [N¢tar)= EKdX, (6)

where X is a distance measured conveniently in units of a
radiation length, X;, where

1
Xo= N, cm.
Radiation-length units in centimeters can be converted to
grams per square centimeter in order to obtain a smooth
function of the atomic number. The result, pX;, is plotted
as a function of the atomic number in figure 11. p is the
density in grams per cubic centimeter.
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Fiovre 11, Radiation lengths for various malerials in grams per square
centimeter as a function of the atomic number.

These dats were taken frorn W, Haitler, Quantum theory of radlstion (Oxford University
Press, 2d ed., 1844),

TaBLE 10. Radiation probability correction factor, K »

Energy (Mev)

|
|
Medipm i
ps W™ © | ow !

! ‘
Water. .. ot | oo 4oewr | ooss | 08
Copper.. L6 l i LR 88 G2 ‘
Lead_ ... .69 | L8 L83 .88 83
| L .

21, T). Lawson, Brit, J. Appl. Phys. 3, 214 (1952); B, Rossi and K. Greisen, Revs, Mod.
Phys. 13, 226 (1941).

The usefulness of the radiation-length unit can be appre-
ciated parti&llff from equation 6, which shows that the frac-
tional energy lost by an electron by radiation per radiation
length of target is almost independent of target material
and electron energy.

3. Angular distribution of the X-ray intensity. Schiff *
has shown that the angular distribution of the X-rays from
an accelerator target is determined by the multiple scattering
of the electron beam in the target. Therefore, the energy
lost by radiation by electrons will appear a3 photons emitted
with an angular distribution determined by the electron
multiple-scattering distribution, £(6,X). This can be ex-
pressed by rewriting equation 6 as follows:

—dEy=EKdX=E, fR(§,X) 2r6d6d.\. (7)

If one substitutes the appropriate function for R(4.X) and
integrates from X=0 to ¢, then one obtains

where R(6) is the fractional energy radiated per unit solid
angle by electrons throughout the thickness ! radiation
lengths of the target.

Lawson ® and Lanzl and Hanson ¥ summarize the work
that defines R(8). A convenient formula, suzgested by
Muirhead, et al®® is

_ESK[ .. {—(5’09}2]11(183Z‘”3) (= (E 07
RO=50, " F 1510.8¢ }+E*{1.787?8’(9>

where /i is the exponential integral function.® This re-
duces at 6=0 to the forward intensity, R, given by

R
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E:K L { 1510.8¢ } M__—J
_ Loy eVt U 0577 |
1207 L) p? (183271 “ 1o

where Eis in Mev, 6 is in radians, and £ is in radiation lengths
(¢ must be less than 0.1 radiation length to satisfy conditions
of calculations).®

A plot of R(8)/R, for tungsten (Z=74) for three target
thicknesses is given in figure 12. These distributions should
be comparable to those found experimentally, unless, in
practice, a particular accelerator produces X-rays at several
operating energies, at parasitic targets, or from multiple
electron traversals through the X-ray target.

% T, I. Schitf, Phys. Rev. 78, 87 (1946).

s Y. D, Lawson, Phil, Mag. 43, 306 (1952),

© 1, I, Lanzl and A, O. Honson, Phys. Rev, 83, 650 (1950). )

# \fairhead, Spicer, and Lichtblau, Proo, Thys. Soc¢, (London) 854, 50 (16520,

¢ Exponentisl intezral functions £ are tabulated in National Burean of Standurds Tables
of 8ine, Cosine, and Exponsntial Integrals, vols. 1and 2 (M LEand MTa, Government Print.
mg Offies, Washington 25, D. C).

# Seq fontnote 53.
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Appendix H. Neutron Production Data 2 o il .
[ =3 po
i . - - \#_j 'E‘ - 18 Mev .
Tapre 1. Common photoneutron threshold energies and data regrrding N o o- 22 Mey -
the resulting radioactivities * g L 7
e e A 1
A A P __# @ l
| Electron | 9 10%E E
! . (= or pos- | 5 £ s o
Elements Threshold | Haildife | itron {4 | g £ 7
. " enmergy = - -
H i w H -]
| . { z k
c o Meo Mer | B J
arbon, CW__ 0. 157 4099 31, . RN ERARERER NN ENAREEUERNTI
Nitrogen, Ni wr | ST 10 & S
Oxygen, Q6. ____ 15,6 i o e 40 io 80 100
Magnesium, Mg¥, | | : 5.2 : ATOMIC NUMBER, 2
| Aluminum, AW_ . 4 14.4 j
Silleon, Si%.__ 6% i . . :
g’hosphgmm, Pai_ 12,3 i Ficwre 18. Neutron yields in neuirons per mole for I roentgen of pri-
sulfur, $2__ (E8.1 )

Potasctum, K
Calcium, C‘a*”.
Iron, Fed
Copper, Cu%,
Copper, Cuss__
Zine, Znm. . |
Bromine, Br?o,
Bromine, Bré

mary X-ray beam exposure (measured in a thick-walled Victoreen 1on-
szatton chamber).

Theneutron ylelds are plotted as s function of the stomic number of the irradlated material.

: The data 19 frogz (1. A, Price nd D). W. Kerst, Phys, Rev. 77, 806 (1050). _Similar weasure-

i ments using 50-Mev X-rays are reported by G. C. Baldwin and ¥, R. Elder, Phys, Rev.
78, 76 (1850).

d e B 1 U5 00 LY T ED NS KD

Selenfurn, Sed__ ] 9. ﬁ m i
Zirconium, Zr%__ : I : ho i
Slver, Agiet___ 9. m

Aptimony, Sbia_ | 9.25 | m

Pracseod ymjum, Pris_ . : m

Tantalum, Tas, . 7 } h b 07
Gold, Auty EX I a5 d 1 —-0.3

i H

« These data were obtalined from Natlonal Bureau of Standards Circular 499, Nuclear data
(Sept. 1, 1950) and Supplements 1, 2, and 3.
b g=geconds, m=minutes, hehours, d=days.
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Ficure 14. Neutron yields tn neutrons per second per mole for 1 milli-
watt per square centimeter of primary beam tntensity.

The neutron yields are plotted as a function of the atomic number of the Irradiated materia'
and were derived from data of G. A. Price and D, W, Kerst, Phys. Rev. 117, 806 (1920??1&

Appendix I. Concrete Attenuation Data

_ The thickness requirements for concrete protective bar-
riers can be computed for the X-rays from an accelerator
operating in the range from 5 to 100 Mev. These require-
ments are deduced from ionization measurements that have
been made behind various thicknesses of concrete placed in
the primary X-ray beam from the 50-Mev betatron at the
National Bureau of Standards.

The information necessary to compute barrier thicknesses
on the axis of the accelerator X-ray beam is the maximum
X-ray beam intensity at 1 m from the X-ray target (in watts
per square centimeter), the accelerator operating energy,
and the target-to-occupied-space distance. The procedure
is then as follows:

48

(1) The X-ray beam intensity at the occupied space can
be computed from the intensity at 1 m from the target,
assuming the inverse-square-law decrease of intensity with
distance and assuming no intervening barrier.

(2) The X-ray intensity at the occupied space and the
accelerator operating energy define the maximum dose rate
(in ergs per gram per minute) that a person would receive
in the X-ray beam intensity in question. The maximum dose
rate can be obtaiued from figure 16, which supplies the ergs/
g/min for 1 watt/em? of X-ray intensity as a function of con-
crete thickness and accelerator operating energy. By defin-
ing in this manner the maximum dose rate, one can compute
the maximum dose a person would receive during a 40-hr
week behind the barrier and at the position in question.

The maximum dose rate as obtained above can also be
compared with the maximum permissible dose rate.®® The
maxirnum permissible dose for 1 week is 30 ergs/g. If one
assumes a 40-hr week and an X-ray-intensity constant in
time, then the maximum permissible dose rate is approxi-
mately 0.0125 erg/g/min. The concrete-barrier thickness
that reduces ihe dose rate to this maximum permissible level
can be deduced directly from figure 16. The required con-
crete thicknesses obtained in this manner are given in
table 12.

TasLe 12. Concrete-barrier requirements
I {

" Assumed ! Required concrete barrier
Distance X-ray in- thickness
from target | tensity st
to occupied | 3 % from 30038
space -ray - Ar o 0
target | 6 Mev {10 Mev [ 20 Mev Mev
It Milliwattef | in. in. in. in.
cm?
J 0.5 61 68 81 82
125 e ! 2.0 | ...... 79 91 92
oo [T
}J 0.5 32 59 69 70
___________ : 2.0 61 68 81 82
[ 1000 || 92 03
J 0.5 44 50 58 59
B, S 2.0 52 59 69 70
[ 100 62 68 82 83
0.5 36 41 48 49
100 ... 2.0 44 50 58 59
10.0 53 60 i 71
| 0.5 28 31 37 38
2000 2.0 36 41 43 49
10.0 45 51 60 61
0.5 20 22 26 26
400 . ... 2.0 28 31 37 38
| 100 37 42 49 50

¥ see section 1.29.
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The following comments might be helpful to those inter-
ested in more of the conclustons obtainable from the data of
figures 15 and 16:

(1) The data should be applicable for any practical target~
to-barrier distance.

(2) Narrow-beam attenuation calculations in the energy
range up to 100 Mev indicate that the character of the curves
does not change much between 30 and 100 Mev. Therefore,
the 30- and 38-Mev curves in figures 15 and 16 can be used
as approximately correct up to 100 Mev.

{3) 'The data were originally obtained as ratios of ioniza-
tion-chamber readings behind the barrier to those in a Lucite
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Fiaure 15. Allenuaiion in concrefe al belatron energies of 6, 10, 20,
30, 38 Mev.

Density of concrete, 147 1b/ft3. Scale A: The esu/ern? detected in an ionization chamber
behind various thicknesses of concrete, per esu/em? defected In a thimble chamber imbedded
in an 11.5-em Lucite cube st the same position without barrier, is plotted for various betatron
energies. Secals B: The ratio of maximum tissue dose recelved with and without a concrete
barrier calculated from seale A assuming the same conversion of 93 ergs/g for 1 est/cm?, These
data are taken from results to be published by F, Kirn and R, Xennedy of the National
Bureau of Standards,
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cube m the diveet Deam.  These data are provided in scale
A of figure 15,

4y The tenization behind the barrier was converted to an
approvimate dose alus by the factor 93 ergs/g per 1 esufem?
of ionization. or 0.93 rad per 1 esu/em®. These conversion
factors are oulyv approximately correct; they were used to
obtain the numaerator of the ordinate scale B values of figure
16.

(5 The ionization n & 25-r thimble chamber placed in the
center of ar, 11.5-cin cube of Lucite in front of the concrate
barrer defines the primary N-ray beam intensity that is
incident on the concrete barrier. This lonization reading
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Fioore 16, Aftenunifon in concrele at belatron energies of 8, 10, 20, 36,
Mev.

Density of concrete, 147 1bjftd. Scale A: The absorbed ergs/g/min behind varfous thick-
nesses of concrete for 8 beam intensity of 1 milliwatt/cm? at the same position is plotted for
various betatron energles.  The energy absorbed is euleulated from data of figure 15, assum-
mzl 43 orgsfe for 1 esu/etid, Beale B: The dose recelved in rads for the same conditions as
seale A
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was converted to dose in the middle of an 11.5-cm cube of
Lucite by the factor of 93 ergs/g per esu/em®.  Also, it can
be converted to primary X-ray intensity units of watts per
square centimeter by the factor shown in figure 6. These
factors were used to obtain the denominator of the ordinate
scale values of figures 15 and 16.

Submitted for the National Committee on Radiation Pro-
tection.

Lavristox 8. Tavror, Chairman.

WasningToN, July 10, 1953,
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