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1 107 6.24x1018 6.24x101°

418 4.18x107 2.61x1018 2.61x101°

1J=1nt-m=1kgm/s?-m
1nt=10°dyne =10°g-cm/s® 1erg=1dyne-1cm

ERcER E=mc? (mBFLES)

= =9.109x10-3" x (3x10%)2 = 8.198 x 10 -* J = 0.511 MeV
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THE ELECTROMAGNETIC SPECTRUM

Micro- Infrared Visible
Radio waves waves radiation light

Ultraviolet

X-rays Gamma-rays

El””l""l"“"“'l'“"“g”“l”h :

10° 0% 1U¢ 10° 1a°®




Electromagnetic Radiation Spectrum
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- | E¥85Y Bremsstrahlung radiation

Full wave rectification circuit —
a bridge consisting of four
valve tubes M

Anode

A-ray tube

Cathode

Secondary side of high
voltage transformer
(... 60,000 volts AC)

- o

Primary side of high
voltage transformer
{120 volts AC)

Electric field : kV ~ MV

% P o

Step down transformer ‘
for tube filament

Tube current : mA~A
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relative intensity

of X-ravs
- Gamma ray spectrum

‘I" expanded from 200 to 1400 keV

u_;h:-j racteristic radiation

maximum
photon energy

bremsstrahlung

100 150
photon energy/keV

energy in keV




Interaction of ionizing radiation with matter

-

h-.—r_? d

charged particles interact

bremsstrahlun
J strongly and ionize directly

- electr{:rn

L

neutral particlesinteract less,
- g N capturé photon ionize indirectly and

recoil ®— = penetrate farther

o0,
Ll %

proton
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Decay Type Radiation Emitted Generic Equation

A A-dyr 4 4 e .
Alpha decay X —> ZTOX + Ja - — ?f 8

\ y
L

kY

Parent Daughter Alpha
Particle

&

¥

Beta decay

Parent Beta
Particle

Relaxation
0

- A v« g
Gamma emission ZX —_— ZX OY

Parent Daughter Gamma ray
(excited nuclear state)




The penetration power of the three types
of radiation.

B B8PP B &°0%%¢ °c°6%D B

AV VAV AY/

l

Thin mica Skin or paper  Thin aluminium Thick lead
stops ALPHA stops BETA reduces CANMIMA
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a-particle

Proton 2+
Neutron

Alpha particle is nucleus of helium

Symbol

B (beta particle) = € .[;

The tntium beta-decav Process

15 written as tollows:

3 0
H; _"HEE‘Ea’ Vi

|"':'i1-:"-.
4

(trbml [beta pariicle)

fantimewbrino




Schéma de désintégration de I'uranium-235

Decay scheme of uranium-235 (*

Wy 4.7

8!

if1-235 REF 5

7 min

Hipp 36,1 min

NP 396

1) = Série de I'actinium en 4n+3

“r7) = Actinium series type 4n +3

21

e 21,

@

7.04.10%a

‘wih 2552 h

a (100 2%)

4,678 Me\

“Pa 32760

B (100%6)
0,391 Me\

/

a (100 %)

5,150 MeV

a (138 %)
5.042 MeV

2 22,0 min
%

B (100 %)
1.149 Me\

TRa 1143

B (9862 %)
0,045 Me\
2T 18.68)

@ (100 %)
(})7\) MeVl

T R
o Po 1781 m

B (0,00023%)
0,715 MeV

Al 0.1 ms

a (100 %)
6,946 MeV

af 100 %0)

1B 2,14 min

[ 3 (100 %) 81

1,367 Me\

@(99.724 %)

6,751 MeV

!

B (100 %5)
1418 Me\
2 ph (stable)

B (0.276 %)
Mp, 316 ms

78 Me\

0.575 MeV

a (100 %)

7.595 MeV

a (100 %)
6,147 MeV

7.04.10% a

or { 1{M) “a)

404w Aleh

[ MR a)
(1.391 Mel
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Visualisation of ion chamber operation

‘ Anode E_
lon Current
Incident

radiation +

particle ™~

DC Voltage
Electric__ Source

field -

® Electron




Variation of ion pair charge with applied voltage

&
A Q‘; ,Er\- @ Q}
o S
"tr@ 2\\5 Q;‘ | Onset of confinuous
6(\ o QC.'J "k‘.‘{\ IV | / discharge
N ,\QJ {;O

Experimental set-up of a cylindrical chamber

e
VI o
a W

o o
pe o noe

ﬁﬁu‘

Electric Current

M Jonisation gvent

4%

used

~nod® N L
S (,a“‘ma

i
i

Charge collected — log scale

Region not used

Cylindrical chamber with end window
Variable d.c. subjected to ionising radiation
voltage source

Beta
particles

Low-penetrating radiation enters wvia an end window, but high-penetrating
radiation can also enter via the cylinder side wall

Limited proportionalily - no

Ragfon not used

Voltage applied - linear scale
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Ey $ EEURETFEEREENEZ > R Ckg
S FEHIT >9 FEENERETESERIIEFE - rad 3k gray
FEENEEDR A TFAEERIBE= > rem T sivert

Exposure Conv;gﬁonal SI Unit Conversions

coulomb/kg of air

Exposure roentgen (R) (Clk)

1 Clkg = 3876 R

1R =258 uC/lkg
IR AT 7%

00 =1 5yg

Dose rad (R) gray (Gy) 1 Gy =100 rad

I IR
| Sl

o}
I

& 1&5

=

HUE
Vi

5
I

Dose equivalent
Effective dose

Activity curie (Ci) becquerel (Bq) 1 mCi =37 MBq

rem sievert (Sv) 1 Sv =100 rem

=
| Sl

M
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Half-Value Layer. mm (inch)

Peak Voltage
(Vp)

Lead

Concrete

50

0.06 (0.002)

100

0.27 (0.010)

150

0.30 (0.012)

(os 9)f

200

52 (0.021)

25.0 (0.984)

250

0.88 (0.035)

28.0(1.102)

300

1.47 (0.055)

31.21 (1.229)

400

5 (0.098)

o0
h b A

(1.299)

[1000

7.9 (0.311)

0
44.45 (1.75)
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EEME . 2EAH =555 MEA
Acute Radiation Syndrome (ARS)
- ARS (BERAKE[>1.5 Gy]ir 51 IR E) 5| fEAX
o« 3S[MZRAAEAR — Hematopoietic syndrome  [£4F]
« SHIEZRMRAEAR — Gastrointestinal syndrome [F F]
« AR ELAEAR — Central Nervous system  [ZFER]
- ERRFRIR

- B0 BT~ B2~ MARER

B0 &M - BEE - A%
B - Hi
50%89 A FE60K I T

VBB - B - BBLURE
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H - BB - HE K (ataxia)
& ~ FE=(delirium)

E1-2 RASET




1]

1]

|
)
e
\Vap
-7
1
NI
=+
Hao|
=
S.ﬂ
NI}
it
)é_,l.'
CH

<0.1 RO RBE - (B ERSREREE)oEE %
0.1-0.25 BeS e MA PN EIKR R B E R

0.25-1.00 oJgE S8 E R HIRY MBK (M EDK ~ BIIIKR) -
BRNAIRGEXRNZE  BAZREMEZEE

1.00 — 2.00 Akt -~ RO~ BIRR - MRS EDK K H MEK

D EWIEERIE
2.00 - 4.00 0NEAERL ~ B - BIENERE - BRAAMK
E59 - BRKRESABESE - OJEESET

4.00 - 6.00 BRIEMEL - BERBRESRIR - E2-6BATET
SR F50%

6.00 XA = HEEEEE - JETER 100%




Sang P
u.mrs"a??,?
e e

A
A
214015, 0004 ot

% M
Ban Frahcised
o T it
A W La Jolfa
46412  San Diego

Japan (Tohoku) tsunami, March 11, 2011
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Areaof the skin dose injury
50
40
30

Angulation

Rotation

‘ Chronic total occlusion
procedure made at the SCUH
on October 2010. Cinical

.. follow-up. Image 45 days

after the procedure.

".

Importance of a patient dosimetry and clinical follow-up program in the
detection of radiodermatitis after long percutaneous coronary interventions.
Vano E, Escaned J, et al. Cardiovasc Intervent Radiol. 2013 Apr;36(2):330-7.




Table 2.2. Thresholds for tissue

Tissue and effect

Temporal sterility
Permanent sterility

Ovaries

Sterility
Lens

Cataract (visual impairment)
Bone marrow

Depression of haematopoiesis

Heart or brain
Circulatory di

reactions (ICRP, 2007

Total dose 1n a
single exposure (C

0.1

Threshold

Annual dose 1n the case
of fractionated exposure (Gy/year)

0.4

2.0

0.5 divided by years of duration

1onated exposure)




%R e
- BT = R I8 E K E (detriment-adjusted nominal risk
coefficient)

+ BRAESLE - 5 1 Sv BRI 5.5%

o HI[X

. BER

o

.E—

e -5 1Sv 2180 0.2% (M EREE)
2% = % R ERY
22 E I E > 100 mGy I > 5|38 EUE

1 chest CT scan ~ 8 mSv = 20 mGy to breast
5~ 15 CT scans - carcinogenic effects

HENEE 2 BEERN




44 327 7N
*F‘Z == XQ &= Hiroshima and Nagasaki

For the average radiation exposure of survivors within 2,500 meters (about 0.2 Gy), the increase is

about 10% above normal age-specific rates. For a dose of 1.0 Gy, the corresponding cancer excess
is about 50% (relative risk = 1.5)

The excess number of solid cancers is estimated as 848 (10.7%)

Table. Excess risk of developing solid cancers in LSS, 1958-1998

Weighted colon dose Cancers

G LSS subjects Attributable risk
(Gy) Observed Estimated excess

0.005 - 0.1 4.406 1

75

179

http://lwww.rerf.jp/radefx/late_e/cancrisk.html




The dose-response relationship appears to be linear, without any apparent threshold
below which effects may not occur

X
u
g =
L
=
©
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by
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Weighted colon dose (Gy)




The probability that an A-bomb survivor will have a cancer caused by A-bomb radiation (excess
lifetime risk) depends on the

(1)dose received

(2)age at exposure

(3)sex

Other analyses (not shown) indicate that females have somewhat higher risks of cancer from
radiation exposure than males do.
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Estimated Fetal Radiation Dose Based on "Typical” Exposure Yalues o —
Fetal Dose mrem, {(mSv) _ﬂﬁﬁﬁ = Hé.‘?ﬂ”,:ﬂﬁu % < 5000 mrem
| T Rl (00> Gy, 50 mGy)RIIREE G
i.&P Pelvis I 144 (1.44) | 131 (1.31) 127 (1.27) 157 (1.57) | ZE?EE E/\J °

' pa Pelvis 1 404 | 160.18) | 232 (2.32) || 100 (1.00) .
O T 1l https://radpage.wordpress.com/radiation-dose-

tidbits/

Lateral Pelvis 53 (0.53) 32 (0.32) 48 (0.48) 52 (0.52)

| AP T-Spine (wide FOV)||  1.8(0.018) || 1.1(0.011)(6.9(0.069)| 13(0.13) |

MREM DOSE
IMAGING of MOTHER TO FETUS

22

| 4P T-Spine (narrow) 1.2(0.012) | 0.8(0.008)| 4.6 (0.046)|[8.9 (0.0
Lateral T-Spine 0.6 (0.006) : : 1.7 (0.017) 3.2

&P Lumbar Spine 225 ( 7) || 394 (3.94) ||

|Lat Lumbar Spine || 113(1.13) | 62(0.62) | 84(0.84) |

1 mrem = 0.01 mSv
1 Gy (gray) = 1 Sv (Sievert)

RZRI2E - ElRERE > 0.1Gy -

EJQEEE&HEH@%E ° Chest CT for PE =
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I ERENER

s | mmn nEtn

EREEE L)
< 0.05Gy REEREAEEERE
0.05-0.50 Gy BEHRIESERE EERMAIEER iEEEERES
E£$ AR EHMES O ERE T R(EE
=L OEEERERES %E%ﬁ}

B 0%EEERE
m%‘?ﬁé%a@ﬁ{é@ﬁ;ﬁ

EEFEERESER

EREMEFERS TERSEER TEER, MENBERERE | REERZFHIICH
FEHMIE TR EHEA i ] B(HEEFH) BEREES(HEER
BrRE BaeEEs EEEES 3)

EEEF . flue EDHTE%{EWJEE%} ENTREEES
LeEHRA BE 0% HESE )

EELRES E;L.\ED‘E;"EE%(“HJ OJREERERED
=g=| ) ELREEEEE
ogEiEmMEsEEREY =1

IR OREIEMEBEEEE
i 717 PO i =

1 Gy iR RHE RN ZRIE50%I MG ;
£100%# bt iaelia R - KANFEZS5 Gy -
A A - LD50/60REZE R %I3-5 Gy - LD100K#IZ10 Gy -




PN R FA

X-Rad Friend™ Shown as a Wristband

Shown w/Readout

Shown No Readout

XRay scintillator
over silicon detector Bluetooth
Chip
Operational
Amplifier
VL'X Microprocessor

©2012 All Rights Reserved, Sensor Sensor LLC




Typical TLD Card Configuration

=2 EI = FT(TLD)
B AEE3E

\ WB

Position/Elem

Dr John H Smith

ACCT:12345678
Loc: 12345678
WR: 12345678

Filter

Plastic

Open

TLD badge




A I Vopeace lons
= Scale
Optcal system
Objective lens
l o Quartz fiber

lonizathion chamber
Insulator

lomzahon chambear

iellows-seal switch

Figure of the quartz hiber
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gREYHRE R - S.T.D

- S : Shielding - f£ FIBH & 5%
o T: Time - #&50 IR E 5
« D : Distance - & /10 £ 5 & /7 Bb Bt

0.5 mm Pb =@ 49 95% RYER 5
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CHEST PA & Lat — 8:1-10:1 grid — typical single-phase/200 speed imaging

CM 15 20 25 30 35 40 45
72” SID

kVp 110 110 110 110 110 110 110

mA&S 200mA 200 mA 300 mA 300 mA 300 mA 300 mA 300 mA
1/60 S 1/30 S 1/20 S 1/10 8§ 1/58 2158 4/5
(3.3mAS) (6.7 mSA) (15 mAS) (30 mAS) (60 mAS) (120 MAS) (240 mAS))

CHEST PA & Lat — NON Grid (wheelchair chest)

CM 15 20 25 30 35
72” SID

kVp 9% 94 110 110 110

mA &S 200 mA 200 mA 200 mA 200 mA 300 mA
1/120 S 1/60 S 1/60 S 1/30 S 1/20 §
(1.7 mAS) (3.3 mAS) (3.3 mAS) (6.7 mAS) (15 mAS) J

Examunation - mAs F5D (cm)

AP abdomen
PA chest

AP chest
LAT chest 148=30
AP lumbar spine F2+5 878
LAT lumbar spine 077 58=8
LAT lumbo-zacral joint 5+5 877
AP pelvis 34+ 88=10
PA skull ' S0=8
LAT skull 2] 01=8
AP urinary tract 7B+9 ok 3 86=10

Lid

La MO ba

57=9
17016
104=14

H H H H H

S i .




EFEERE Inverse square law

DISTANCE FROM SOURCE

Inverse Square Law

~ sphere area intensity at
4nre surface of sphere

100000

90000 @

source strength 80000
70000

> 60000
] 50000

40000

30000

20000

10000

The energy twice as far from the
source is spread over four times
the area, hence one-fourth the intensity,

Distance
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Adult effective doses from various X-ray procedures

Examination

Extremities
Knee
Shoulder
Chest (PA)

Chest (PA + Lateral)

Skull

Cervical Spine
Mammography
Pelvis
Abdomen

Hip

Thoracis Spine
Lumbar Spine

Intravenous
Urography

Average Effective Dose

(mSv)
0.001
0.005
0.01
0.02
0.1
0.1
0.2
0.04
0.6
0.7
0.7
1
1.5

3

Mean Effective Doses from Fluoroscopy Procedures

Procedure

Cerebral Arteriography

Nephrostomy

Barium Meal

Renal Arteriorography
Barium Enema

Biliary Stent Placement
Enteroclysis

Effective Dose (mSv)
2.5
5.5
8.2
10.3
11.7
12.5
14.0

50
Scale (cm)
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5 i A 2
. BN REBEAS) EENHERR

- EIEERRL ¢ > EFINCRP-4955 5414755k (LIERE) FHIAHESE
EIIXAZREASRES TS [—RA] FEERE (1 mSvly)
EINIXAZREASRES TS (BHRFEAR] FHERERE (20 mSvy)

. BB SERENENE6 ERBENE) 5AKE

—
4
A

.-’+ X

"’n Hﬁ I(x) = I”ﬁ::{p{_-;ﬂ:]

|, - |(x)

FE2EIE .
FHREIZEZR (mGy/h - mSv/h)
LA R AT ///JFZEEEET”Y“J$+ (uGy/h ~ pSv/h)




FEROHRE - EREZ
ﬁﬁ%géﬁ% For example
A AE (ZER)

T=
1=
d=
EAFOEES=S

Ha

1012313Q

BiE(RER
T=
U:
d:
EAEClEES=

CHs (I R &)
T=
=
d=
ErEOEEE () B 10 pow/h = 04 mSv/week BT ORES-
(2)EEEE 05 pSvw'h 0.02 mSviweek

ey s T NTUK,, For example
TEESEAN (74 £ —
= TFar Yo D =%

T=
U:
d= 21
EAsToEEE= 002

Workload distribution Rad Room (chest bucky)
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Standard Room

Ceiling

Elevation (left) and plan (right) views of a representative radiographic (or radiographic and fluoroscopic) room.
Points A, B, C, D and E represent a distance of 0.3 m from the respective walls. Point F is 1.7 m above the floor
below. Point G is taken at 0.5 m above the floor of the room above. (NCRP-147)
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STRUCTURAL SHIELDING
DESIGN AND
EVALUATION FOR
MEDICAL USE OF

X RAYS AND GAMMA

THE RAYS OF ENERGIES UP
TO 10 Me V

National Council on Radiation Protection and Measurements

Report No. 049 — Structural Shielding Design and
Evaluation for Medical Use of X Rays and Gamma
Rays of Energies up to 10 MeV (1976)

NCRP REPORT No. 147

STRUCTURAL SHIELDING
DESIGN FOR MEDICAL
X-RAY IMAGING FACILITIES

National Council on Radiation Protection and Measurements

Report No. 147 — Structural Shielding Design for Medical
X-Ray Imaging Facilities (2004)
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R85t B = (DESIGN GOAL
PRUBEAI : mGy/wk * mSv/wk

Bl

NCRP-49 50 mGyly = 1 mGy/wk 5 mGyly = 0.1 mGy/wk
= 2.5 uGy/hr

NCRP-147 Fraction (=1/2) of 10 mGy/yr 1 mGyly = 0.02 mGy/wk
limit for new operations = 0.5 uGy/hr
= 5 mGylyr (~matches fetal
dose limit) = 0.1 mGy/wk

10 uGy/h = 0.01 mGy/h = 0.5 uGy/h = 0.0005 mGy/h =
0.4 mGy/wk 0.02 mGy/wk

1 wk. =40 hrs.

1 yr =50 wks.
TAFARFEBBRE : 20 mSviyr 4
2Zg [EHFEE] : 20 mSviyr / 2000 hrs/yr = 0.01 mSv/hr = 10 pSv/hr =10 pGy/hr
*"J[_.’\]’ 1/\53 (T 1kfl\fif:'ifl‘fi!i‘z.'i§'lzt'v,J' /l.f [}(I]l/(“ ’r\)(,';‘l 1—9 __;7]

TERGAAZES 10 uSv/h-(210uSv/h HFEm|E&m 30cm Az Bl EEwmHAAZH 0. 54 Sv/h
HAETHARFHMERERSA) - (>0.5uSv/h ZFEHAL—BRAFHNERENA) -



Elevation (left) and plan (right) views of a representative
radiographic (or radiographic and fluoroscopic) room.

Points A, B, C, D and E represent a distance of 0.3 m from the
respective walls. Point F is 1.7 m above the floor below. Point
G is taken at 0.5 m above the floor of the room above. (NCRP-
147)
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Standard Room

Ceiling
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TaBLE 4 —Occupancy factors for non-occupationally® exposed persons®

[For use as a guide in planning shielding where other occupancy data are not
available. |

Full Occupancy (T = 1)

Work areas such as offices, laboratories, shops, wards, nurses’ stations; living
quarters; children’s play areas; and occupied space in nearby buildings.

Partial Occupancy (T = '/4)

Corridors, rest rooms, elevators using operators, unattended parking lots.

Occasional Occupancy (T 18)'

Waiting rooms, toilets, stairways, unattended elevators, janitors closets, outside

areas used only for pedestrians or vehicular traffic.




NCRP-14789 &5 FH R 24

TABLE 4.1—Suggested occupancy factors® (for use as a guide in planning
shielding where other occupancy data are not available).

Location

Administrative or clerical offices; laboratories,
pharmacies and other work areas fully occupied by
an individual; receptionist areas, attended waiting
rooms, children’s indoor play areas, adjacent x-ray
rooms, film reading areas, nurse’s stations, x-ray
control rooms

Rooms used for patient examinations and treatments
Corridors, patient rooms, employee lounges, staff rest
rooms

Corridor doors?

Public toilets, unattended vending areas, storage
rooms, outdoor areas with seating, unattended
waiting rooms, patient holding areas

Outdoor areas with only transient pedestrian or
vehicular traffic, unattended parking lots, vehicular
drop off areas (unattended), attics, stairways,
unattended elevators, janitor’s closets

Occupan
Factor (T")

1

NCRP-49

NCRP-49
NCRP-49

"When using a low occupancy factor for a room immediately adjacent to an
x-ray room, care should be taken to also consider the areas further removed
from the x-ray room. These areas may have significantly higher occupancy fac-
tors than the adjacent room and may therefore be more important in shielding

design despite the larger distances involved.

bThe occupancy factor for the area just outside a corridor door can often be
reasonably assumed to be lower than the occupancy factor for the corridor.

1/4

1/4
116



T1EEsE : W

- 11FEH = XtENEHEZ
W EEREGENFEEE —ERE(—B) N
W EA{E B[54 80 Y B B AY IE LG
SIFEME  FTEWREREER kVp) 2 FETEWIE : kerma IEEEA kVp?
60 kVpEA120 kVpRI=BI(B) EZ 0l =& 5 U £
- HFEN : mA - min / week (= mAs / 60)

Workload [m& min/wk]

Cardiac Angio Rm

800 metlEl -
700 WERGIE R A V(X E) D A A ETW
600 STEEEF AR (N)

KkVp 73 BlIARETW

500

400 Total Workload =
3047 mAmindwk
300

200
100
0

0O 10 20 30 40 50 GO E{]'_ 80 90 100 110 120 130 140 150
p




TEEsEH : W

2.0—

Wnorm

Workload distribution
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distribution for the floor
(Simpkin, 1996a)
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Fig. 4.1. The worklead distribution Rad Room (floor or other barriers)
obtained from the AAPM-TG9 survey (Simpkin, 1996a) for the x-ray beam
directed at the floor of a radiographic room compared to the workload
distribution assuming all exposures are made at 100 kEVp.




TABLE 4.2—Operating potential (kVp) distribufion of workload (mA min) normalized per patient, from survey conducted by
AAPM TGO (Simpkin, 1996a).

Radiography Room®

i Fluoro. Tube Rad Tube —_— Mammo. Cardiac FPeripheral
Rad Room Rad Room Rad Room (REF room)®  (R&F room)® Chest Room Room Angiography  Angiography

. . {floor or other
(all barriers) fehest bucky) ! '

barriers)

0 0 0 0

0 0 0 0

0 0 0 0
1.38 x 107* 0 1.38 x 107* 0
7.10 x 10 0 7.10 x 107 5.78 = 10
B.48 x 107° B.78x107° 1.70 % 1072 0 7.65 x 10~*
1.09x 102 456 x10% 104 %107 T.02x102 7.26x 10
0.81 x 102 896 %10 891 %102 1.13x 107" 1.52 % 1072
1.04 x 1071 342 %102 T00x102 187 x 107" 252 x 1072
458 x 107! 7.25% 107 385 % 107! 1.45x 10" B.89x 1072
501 x100 953 %1027 405x10! 1.94x 107" 2.24 x 10!
560 x 1071 1.40 % 107! 4.20 » 107 1.72 4.28 % 107!
315 x 107! 662 %107 249 x 107! 219 2.18 x 107!
176 %107 141 %1072 1.62 x 107! 1.46 5.33 x 1072 0

218 %1077 351 % 107° 1.82 %107 1.15 4.89 x 1072 0
100 1.55 x 102 8.84 x 10* 1.46 x 1072 1.12 587 =102 3.01x107

105 348 x107° 197 x 10 151x10° 9.64 x 10" 1.05 x 102 0

110 1.05 %1077 991 x10% 551 %107 747 x 107" 6.468 % 107 2.14 % 1072
115 410 % 1072 3.74 x 1072 3.69 » 1077 1.44 2.00 x 10* 9.36 x 1077
120 6.99 x 1072 512x 107 187 %102 937Tx 107" 1.04x 107! 4.74 x 1072
125 4.84 %1077 481 x 107 347 %10 1.38x 107 8.13 x 1072 0

130 1.84 % 10° 1.71x107% 1.25x10* 1.53 x 1077 4.46 x 1072

135 7.73 x 107 7.73 x 10°° 0 1.46 x 107! 9.47 x 1073

140 0 0 1.92 x 102 4.26 x 107°

Total
workload:®

9.25 x 101
4.67
1.10

=

1] 0
3.40 % 107" 8.94 % 1072
420 x 107t 3.98 x 1072

1.96 6.99 x 107!
4.55 1.50 = 10!
6.03 1.22 » 10!
5.02 1.53 = 10!
2.54 » 108 1.10 = 10*
4.03 » 10 4.09
2.10 x 10* 343
1.06 x 100 6.73 = 107!
7.40 1.53
7.02 9.27 x 1072
6.59 3.05 x 1072
1.38 » 104
3.35
2.75
3.1x1072
1]
1]

[ o [ e e Y e R e [ =]

=]

0
U]
0
U]
0
U]
0
U]
0
0
U]
0
0
0
0
0
0
0
0
0

Patients
per weak:f 110 (Radiography Room)

Total workload : mA - min / patient
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 Determine the thickness of primary protective barrier necessary to protect a
controlled area 2.1 m from the target of a 250 kV x-ray therapy machine, having
a weekly workload of 20,000 mA.min. The wall in question has a use factor of %
assigned to it, and the occupancy factor of the area to be protected is unity.

Then

P=01R
dyi=2.1m
W =20,000 mA.min
U="
ER
2
B = OD).1) = 0.000088 = 8.8 x 10>

(20,000)(3)(1)



B=8.8x10°

Lead thickness =31.6 x0.25=7.9 mm
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TABLE 4.3—Estimated total workloads in various medical x-ray imaging installations in clinics and hospitals. The total
workload values are for general guidance and are to be used only if the actual workloads are not available.

Total Workload Typical Number of Patients (N) Total Workload per Week (W)
per Patient? (per 40 h week) (mA min week™1)

Room Type (W )

norm
(mA min patient™!) Average Busy Average Busy
Rad Room (chest bucky) 0.6 120 160 75 100
Rad Room (floor or other 1.9 120 160 240 320

barriers)

Chest Room 0.22 200 400 50 100
Fluoroscopy Tube (R&F room) 13 20 30 260 400
Rad Tube (R&F room) 1.5 25 40 40 60
Mammography Room 6.7 80 160 550 1,075
Cardiac Angiography 160 20 30 3,200 4,800
Peripheral Angiography® 64 20 30 1,300 2,000

#As discussed in Section 4.1.4, values of W, ., given in this table can be modified by use of a multiplier term Wi/ Wy opm if necessary to
account for different workloads per patient at a particular site.
bThe data in this Table for Peripheral Angiography also apply to Neuroangiography.




TABLE 4.5—Unshielded primary air kerma per patient [ K :, (in mQGy
patient™)] for the indicated workload [W,,... (mA min patient™')] and
workload distribution, normalized to primary beam distance dp = 1 m.

I
Workload Distribution® Whorm Kp
(mA min patient‘l}"’-‘“ (mGy patient™

ljl.l

Rad Room (chest bucky) 0.6 2.3

Rad Room (floor or other 1.9 5.2
barriers)

Rad Tube (R&F Room) 1.5 5.9

Chest Room 0.22 1.2

The workload distributions are those surveyed by AAPM TG9 (Simpkin,
1996a), given 1n Table 4.2.

bAs discussed in Section 4.1.4, values of W, orm given in this Table can be mod-
ified by use of a multiplier term W;,./ W, ., if necessary to allow for different
workloads per patient at a particular site.

“For the indicated clinical installations, W ., 1s the average workload per
patient.

These values for primary air kerma ignore the attenuation available in the
radiographic table and 1mage receptor.




TABLE 4.6—»kquivalent thickness of primary beam preshielding
(Dixon, 1 .‘J.‘M_}.“J:'

Application
Lead
Image receptor in radiographic table 0.85
or wall-mounted cassette holder
(attenuation by grid, cassette, and
image-receptor supporting structures)

Cross-table lateral (attenuation by
grid and cassette only)

— Xpre

(x. )

e

Xpre (1 M)
Concrete Steel

72 7




TABLE A.1—Fits of transmission for broad primary x-ray beams (for lead, concrete, gypsum wallboard, steel, plate glass, and
wood) to Equation A.2 (thickness x is input in millimeters).

kVpP

Lead

Concrete?

Gypsum Wallboard

o (mm™1)

B (mm™)

Y

o (mm™1)

B (mm™1)

Y

o (mm™1)

B (mm™)

Y

4952 x 10!
3.880 x 101

2.955 x 101

1.940 x 102
1.780 x 102

1.647 x 102

2.728 x 10!
2.592 x 101
2.489 x 10!
2.409 x 10!
2.349 x 10!
2.269 x 10!
2.169 x 101

2.037 x 101
1.883 x 10!

1.707 x 10!
1.528 x 10}
1.341 x 10}
1.170 x 101
1.021 x 101
8.950
7.923
7.094
6.450
5.916
5.498

5.177

3.037 x 1071
3.473 x 1071

3.948 x 1071

2.957 x 107!
3.499 x 1071
4.198 x 107!
5.019 x 1071
5.881 x 107!
6.618 x 107!
7.187 x 107

7.550 x 1071
7.726 x 1071

7.714 x 1071
7.557 % 107%
7.239 x 107*
6.827 x 107!
6.363 x 10~
5.873 x 1071
5.386 x 10~
4.909 x 1071
4.469 x 1071
4.018 x 107%
3.580 x 10~

3.156 x 1071

3.904 x 1071
3.173 x 1071
2,528 x 107
1.297 x 107!
1.095 x 107!
9.032 x 1072
7.422 x 1072
6.251 x 1072
5.528 x 1072
5.087 x 1072
4.797 x 1072
4,583 x 1072

4.398 x 1072
4.298 x 1072

4.068 x 1072
3.925 x 1072
3.808 x 1072
3.715 x 1072
3.636 x 1072
3.566 x 1072
3.502 x 1072
3.445 x 1072
3.394 x 1072
3.345 x 102
3.296 x 1072

3.243 x 1072

1.645
1.698

1.807

1.780 x 1071
1.741 x 1071
1.712 x 1071
1.697 x 1071
1.692 x 1071
1.696 x 107!
1.696 x 107!
1.663 x 1071
1.549 x 1071

1.348 x 107}
1.187 x 107

9.705 x 1072
8.567 x 1072
7.862 x 1072
7.436 x 1072
7.201 x 1072
7.109 x 1072
7.113x 1072
7,160 x 1072
7.263 x 1072
7.476 x 1072
7.875 x 1072

8.599 x 1072

2.757 x 1071
3.593 x 1071
4.648 x 107!
2.189 x 107!
2.269 x 107!
2.324 x 1071
2.454 x 1071
2.733 x 107!
3.217 x 107!
3.847 x 107!
4.492 x 1071
4926 x 1071

4.943 x 107
4.690 x 107

4.406 x 1071
4.273 x 107
4.394 x 107
4.752 x 107
5.319 x 107!
6.073 x 1071
6.974 x 1071
7,969 x 107
9.099 x 10!
1.047

1.224

1.467

1.576 x 10~L
1.208 x 1071

8.878 x 1072

3.883 x 1072
3.419 x 1072
2.985 x 1072
2.609 x 1072
2.302 x 1072
2.066 x 1072
1.886 x 1072

1.746 x 102
1.633 x 1072

1.543 x 1072
1.466 x 1072
1.397 x 1072
1.336 x 1072
1.283 x 1072
1.285 x 1072
1.192 x 1072
1.155 x 1072
1.122 x 1072
1.088 x 1072
1.056 x 1072

1.080 x 1072

7.175 x 1071
7.043 x 1071

6.988 x 1071

8.730 x 1072
8.315 x 1072
7.961 x 1072
7.597 x 1072
7.163 x 1072
6.649 x 1072
6.093 x 1072

5.558 x 102
5.039 x 1072

4571 x 1072
4171 %1072
3.815 x 1072
3.521 x 1072
3.271 x 1072
3.047 x 1072
2.863 x 1072
2.702 x 1072
2.561 x 1072
2.436 x 1072
2.313 x 1072

2,198 x 1072

3.048 x 1071
3.613 x 1071

4.245 x 1071

5.105 x 107%
5.606 x 1071
6.169 x 1071
6.756 x 107!
7.299 x 1071
7.750 x 1071
8.103 x 107

8.392 x 1071
8.585 x 1071

8.763 x 107!
8.939 x 107}
9.080 x 107}
9.244 x 107!
9.423 x 107!
9.566 x 107!
9.684 x 107!
9.802 x 1071
9.901 x 107!
9.964 x 107!
9.987 x 107!

1.013




TABLE B.1—Fitting parameters for transmission of broad primary x-ray beams to Equation A.2 (thickness x is input in

millimeters).
Lead Concrete® “C..,}a}{{)s;l;: d
Workload Distribution®
o(mm™) f(mm™?) ¥y o(mm™) f(mm™) Y o(mm™) f(mm™) Y
Rad Room (all barriers) 2.346 1.590% 101  4.982x 107" 3.626x 1072 1.429x107' 4.932x 107" 1.420x1072 5.781x 1072 7.445x 107"
Rad Room (chest bucky) 2.264 1.308x 10!  5600x1071 3552x1072 1.177x 1071 6.007x 1070 1.278x 1072 4.848x 1072 8.609x 101
Rad Room (floor or other ~ 2.651 1.656 x 101 4585 x 1071 3.994x 1072 1.448x 1071 4.231x1071 1.679x1072 6.124x 1072 7.356x 101
barriers)
Fluoroscopy Tube (R&F 2,347 1.267 x 101 6.149x 1071 3.616x 1072 9721x 1072 5.186x 1070 1.340x 1072 4.283x 1072 8.796x 107
room)
Rad Tube (R&F room) 2.295 1.300x 101 55783x 1070 3.549x 1072 1.164x 107! 5774x 1070 1.800x 1072 4.778x 1072 8.485 x 107}
Chest Room 2,283 1.074 x 101 6.370x 107" 3.622x 1072 7.766x 1072 5.404x 107" 1.286x 1072 8.505x 1072 9.356 x 107
Mammography Room 3.060x 101  1.776x 10> 3.308x 10"} 2.577x 1071 1.765 3.644x 1071 9.148x 1072 7.090x 10~} 3.459 x 107!
Cardiac Angiography 2.389 1.426x 101  5948x1070 3.717x1072 1.087x 1071 4.879x 107" 1.409x 1072 4.814x1072 8.419x 107"
Peripheral Angiography® — 2.728 1.852x 101  4.614x1070 4.292x1072 1.538x 1071 4.236x 107" 1.774x 1072 6.449x 1072 7.158x 107"
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 Dedicated chest x-ray room

. , 1
300 patients per week Workload Distribution® Woorm Kp
(mA min patient 1) (mGy patient )4

« PI/T=0.02 mGy per week _

Rad Room (chest bucky) 0.6
* SID=1.83m Rad Room (floor or other 1.9

barriers)
© dy;=3m '

Rad Tube (R&F Room)
° U - 1

Chest Room

RE—  BRERE
maGy patient

K. (0) = 1.2 patient 1% 3005 eek — 40 may
pA=s (3 m)? T week
02 mG}];
WEER — 5 x 1074
maGy

week

Bp (xbarrier + xpre) =
40
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Dedicated chest x-ray room

° 300 patlents per Week Workload Distribution®

« P/T=0.02 mGy per week

Ly B(mm™

o (mm~ 1)

Rad Room (all barriers) 2.346 1.590x 10! 4.982 x 107!
« SID=1.83m Rad Room (chest bucky) 1.308x 10  5.600x 107!

° d = 3 m ad Room (floor or other 2.65 1.656 x 10! 4.585 x 1071

barriers)

° U = ’| Fluoroscopy Tube (R&F 2.3¢ 1.267 x 101 6.149x 1071

room,)
Rad Tube (R&F room) 2 99 1.300x 10  5.573 x 101
: - . / /—/— \
H /i —_ . fbj: Chest Room 9 98" 1.074 % 1[]1 6.370 x l{)_l

'(300 x1x1X 1.2)0-637 N 10.74]

o 1 In 0.02 x 32 2.283
barrier © 7pre — 9 983 x 0.637 1 4 L0.74
2.283

(in mm)

Xpre
Application
Lead Concrete

Image receptor in radiographic table 0.85 72
or wall-mounted cassette holder
(attenuation by grid, cassette, and

image-receptor supporting structures)
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EHlE : 1 mGy/ week

JEEHIE : 0.1 mGy / week
mA - min / week
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RRER>IBREKEE

—
it
VARYNY

BHEIE : 0.1 mGy / week
(Fr RIS AE)
JEEHIE : 0.02 mGy / week

mA - min / week
mGy / week

1,112, 1/5, 1/8, 1/20, 1/40
25 kV ~ 150 kV

I RBEE>ERKEE
2R ETEERE

o] #1ER




nlip

REHE B

NCRP-49

- B TR¥ESY (leakage radiation) < 2K B &8 &Y il
- BUBTEE 5T (scattered radiation) € KR E B E /R E

BIREEHETE © (>500 kVES)

X-ray tube

v — 0.001X,t 0.001WUT X, =Xl BIRESETE : (150~500 kVAF)
P (dse)?  (dsec)? It=Ww
B, x(0.001WUT) X, =—~ t__1 W
P =BiyX, = ———— T (dsec)? 60 T (dsec)? 601
(dsec)
P_ ooy B W
2 —_ = =
B,, = 100)(;P$;ec) T LXALX = (g 32601
n
353 = 2| -+ P(dsec)2601
BIREHIETE ¢ (<150 kVH) B, x = T

P(d,..)26001
WT

B x =
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 Determine the thickness of leakage protective barrier necessary to protect a
controlled area 2.1 m from the target of a 250 kV x-ray therapy machine having
a weekly workload of 20,000 mA min. the wall in question adjoins an area with
an occupancy factor of unity and the x-ray machine has a continuous tube
current rating at 250 kV of 20 mA. Then

P=01R
dee = 2.1 M
W =20,000 mA min
T=1
~(0.1)(2.1)2(60)(20)
~ (20,000)(1)
HVL for 250 kV = 0.88 mm lead or 2.8 cm concrete = 5.2 x 0.88 = 4.57 mm lead

= 0.0265 = 5.2 HVLs
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« NCRP-49
- BUSTHR Y (scattered radiation) € R B 18 & /K B

X-ray tube

ANETERETETE ¢ (<500 kV)

. — ¥ Ft 1 1
S = TG00 (dyee)? (d))?

by _p. . Kt _a Ft
T USKES TIPS (A e,)? (dp)? 400 1MV : x 1/20
2 MV : x 1/300
P gz g2 200 3MV : x 1/700
aWT F 4~10 MV - use Figure 9 and 10

dF = dsca

Kux =



X-ray tube

Image
receptor

TasLe B-2 —Ratio, a, of scattered to incident exposure®
H«"ulu'rnru,' .‘\Tngl«' (from Central Ray)
Source —
60 ! 120

X Rays

50 kV" 0.0005 0.0002 0.00025 0.00035 0.0008 0.0010
70 KV 0.00065 0.00035 0.00035 0.0005 0.0010 0.0013
100 kV" 0.0015 0.0012 0.0012 0.0013 0.0020 0.0022
125 kV" 0.0018 0.0015 0.0015 0.0015 0.0023 0.0025
150 kV* 0.0020 0.0016 0.0016 0.0016 0.0024 0.0026
200 kV" 0.0024 0.0020 0.0019 0.0019 0.0027 0.0028
250 kV* 0.0025 0.0021 0.0019 0.0019 0.0027 0.0028
300 kV® 0.0026 0.0022 0.0020 0.0019 0.0026 0.0028

4 MV — 0.0027 - — - -

6 MV 0.007 0.0018 0.0011 0.0006 - 0.0004

Gamma Rays
1390 8° 0.0065 0.0050 0.0041 0.0028 0.0019

50Co’ 0.0060 0.0036 0.0023 0.0009 0.0006
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 Determine the thickness of scattered radiation protective barrier necessary to
protect a controlled area 2.1 m from the scatter (patient) using a 250 kV x-ray
therapy machine having a weekly workload of 20,000 mA min. The wall in
question adjoins an area with an occupancy factor of unity and the the treatment

distance is 50 cm (0.5 m).

P=0.1R W =20,000 mA min
deo. =2.1m T=1

d-=0.5m F =400 cm?
A=0.0019

~ (0.1)(2.1)%(0.5)%(400)
~ (0.0019)(20,000)(1)(400)

B = 0.0029



0.0029

15.2 x 0.25=3.8 mm lead




TaBLE B-3—Assumptions used in calculating secondary barrier requirements,

Appendix C, Tables 5-24

Installations a’

100kV* diagnostic fluoroscopic . 0.0013
125kV* diagnostic fluoroscopic . 0.0015 400
150k V¢ diagnostic fluoroscopic 3.¢ 0.0016 400
100k V* diagnostic radiographic ; 0.0013 1000°
125k V¢ diagnostic radiographic 0.0015 1000
150k V* diagnostic radiographic 3. 0.0016 1000
50kV* x-ray therapy 0.00035 28 400
100kV*® x-ray therapy . 0.0013 400
150kV* x-ray therapy : 0.0016 A 400
200kV* x-ray therapy ' 0.0019 t 400
250kV* x-ray therapy 2 0.0019 .4 400
300kV* x-ray therapy 2(0 0.0019 oA 400
1000k V*® x-ray therapy : 0.001 400
2000k V¢ x-ray therapy : 0.001 400
3000kV*® x-ray therapy : 0.001 400
4000k V® x-ray therapy : - —
6000k V® x-ray therapy ' 0.006 400
8000kV*® x-ray therapy :
10000kV® x-ray therapy : =
1%Cs teletherapy =8 0.0028
"Co teletherapy : 0.0009
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HVL = 0.88 mm
REESK © 3.8 mm Pb TVL = 2.9 mm

457-38=077<TVL(29)

S EREBRMEE =457 +0.88 = 5.45 mm Pb
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TABLE C.1—Fitting parameters of the broad-beam secondary transmission to Equation A.2 (thickness x is input in

millimeters).2

Lead Concrete® Gypsum Wallboard

Workload Distribution®
¢ (mm™)  B(mm™) Y o(mm™)  B(mm™) 14 o (mm™) B(mm™) Y

30 kVp 3.879x101 1.800x102 3.560x1071 3.174x107! 1.725 3.705x 1071 1.198x1071 7.137x 107! 3.703x 107}
50 kVp 8.801 2.728x 101  2.957x 1071 9.030x 1072 1.712x1071 2.324x10"} 3.880x 1072 8.730x 1072 5.105x 10~}
70 kVp 5.369 2.349x 101 5.883x1071 5.090x 1072 1.697x1071 3.849x1071 2300x1072 7.160x 1072 7.300x 1071
100 kVp 2.507 1.533x 101  9.124x 1071 3.950x1072 8.440x1072 5191x107! 1.470x1072 4.000x1072 9.752x 1071
125 kVp 2.233 7.888 7.295x 1070 3.510x1072 6.600x102 7.832x 1071 1.200x1072 2.670x1072 1.079
150 kVp 1.791 5.478 5.678x 1071 3.240x 1072 7.750x 1072 1.566 1.040x 1072 2.020x 1072 1.135
Rad Room (all barriers)  2.298 1.738x 101  6.193x10°1 3.610x1072 1.433x1071 5.600x1071 1.380x1072 5.700x1072 7.937x 1071
Rad Room (chest bucky)  2.256 1.380x 101  8.837x1071 3.560x 1072 1.079x107! 7.705x 1071 1.270x1072 4.450x 1072 1.049
Rad Room (floor or other ~ 2.513 1.734x 100 4.994x 1071 3.920x 1072 1.464x 1071 4.486x 1071 1.640x107 6.080x 1072 7.472x 1071
barriers)
Fluoroscopy Tube (R&F  2.322 1.291x 10 7.575x 107" 3.630x 1072 9.360x 1072 5.955x 1071 1.330x 107 4.100x 1072 9.566x 107*
room,)
Rad Tube (R&F room) 2,272 1.360x 101  7.184x 1071 3.560x 1072 1.114x 107! 6.620x 1070 1.290x 1072 4.570x 1072 9.355x 107!
Chest Room 2,288 9.848 1.054 3.640x 1072 6.590x 1072 7.543x 10 1.300x 1072 2.970x 1072 1.195
Mammography Room 2.991x10' 1.844x10° 3.550x 107 2.539x107! 1.8411 3.924x 1071 8.830x107% 7.526x1071 3.786x 107
Cardiac Angiography 2.354 1.494x 100 7.481x107% 3.710x1072 1.067x107 5733x107! 1.390x1072 4.640x1072 9.185x 107
Peripheral Angiography?  2.661 1.954x 101 5.094x107 4219x1072 1559x1071 4,472x1071 1.747x102 6.422x10°2 7.299x 107"
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TABLE 4.7—Unshielded leakage, scattered and total secondary air kermas (in mGy patient™) for the indicated workload distri-
butions at dg = dy= 1 m. The workload distributions and total workloads per patient (W, ..,) for the indicated clinical sites are
the average per patient surveved by AAPM TG9 (Simpkin, 1996a), listed in Table 4.2. The primary field size F (in em?) is known
at primary distance dp. Side-scattered radiation is calculated for 90 degree scatter. Forward- and backscattered radiations are
calculated for 135 degree scatter.® Leakage radiation technique factors are 150 kVp at 3.3 mA to achieve 0.876 mGy h™1
(100 mR k=Y for all tubes except mammography, which assumes leakage radiation technique factors of 50 kVp at 5 mA.

Unshielded Air Kerma (mGy patient™) at 1 m

Leakage
and
Forward/
Backiscat,ter
(K sec )c
Rad Room 2.5 1,000 1.00 5.3 x 10 3.4x 102 3.4x102 4.8 x 1072 4.9 x 1072

(all barriers)

Rad Room . 1,5354 1.83 3.9x 10 4.9 %103 5.3x1078 6.9 x 1073 7.3 x 1078
(chest bucky)

Rad Room (floor or . 1,000 1.00 1.4 x 10~ 23x102 2.3 x1072 3.3 x 1072 3.3 x 1072
other barriers)

Fluoroscopy Tube 730¢ 0.80 1.2 x 102 3.1x10"! 3.2x1071 4.4 x 1071 4.6 x 10!
(R&F room)

Rad Tube 1,000 1.00 9.4 x 10~ 28x102 29x102 3.9x 102 4.0 x 102

(R&F room)
Chest Room 1,5354 2.00 3.8 x 10 2.3 x 1073 2.7 x 103 3.2 x 103 3.6 x 103

- Leakage
norm Side- and Side- Forward/
P 2 !
Workload (mA min F (em?) at dp (m) Leakage Scatter Scatter Backscatter

Distribution patient™) (K‘ )b
sec

Mammography . 7208 0.58 1.1 x 1075 11x102 1.1x102% 49x102? 49x 1072
Roomf

Cardiac Angiography 730¢ 0.90 8.8 x 1072 2.6 2.7 3.7 3.8

Peripheral 64 730¢® 0.90 3.4 x 1072 6.6 x 1071 6.6 x 107! 9.5 x 10! 9.5 x 101
Angiography®

8To be conservatively safe, the somewhat higher values for backscattered radiation (135 degrees) are used for both backscattered and
forward-scattered (30 degrees) radiations (see Figure C.1).

bThe total secondary air kerma from both leakage and side-scattered radiations.

°The total secondary air kerma from both leakage and forward/backscattered radiations.

dThe area of a 36 x 43 cm (14 x 17 inches) field.

“The area of a 30.5 em (12 inches) diameter image intensifier.

fCalculations have shown that 3.6 x 1072 mGy patient™ is a conservatively safe maximum value for KLC for all barriers for a standard
four-view mammographic examination, when evaluated at 1 m from the isocenter of the mammography unit (Simpkin, 1995) (Section 5.5).
The entries in Table 4.7 were evaluated 1 m from the x-ray tube and patient.

EThe area of a 24 x 30 ¢cm cassette.

BThe data in this Table for Peripheral Angiography also apply to Neuroangiography.
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