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The purposes of the present study are to elucidate major photoneutron sources within the treat-
ment head of a 10 MeV linac, photoneutron yields in their sources, and their primary photoneutron
spectra and are to consider the additional risks to patients undergoing treatment, machine operators and
other personnel due to the photoneutrons and a method of shielding calculations for the photoneutrons,
For these purposes, various measurements and theoretical calculations were performed, and the
following resulis were obiained,

1) Excluding the measurement in the x-ray beam, the neutron dose equivalent instrument
using CaSO,(Tm)+-°Li (UD-136N) and CaSO,(Tm)-7Li (UD-137N) TLDs placed in the center of a
30-cm diameter ]polyefylene—:sphere seems to be most suitable for the measurements at the various
locations inside and outside the treatment room on photoneutrons produced by high-energy pulsed
x-ray machines,

2) For the Toshiba LMR-15 linac, the calculated relative photoneutron yields in the target, main
collimator, beam flattening filter, and movable diaphragms were 50.5%, 39.2%, 5.5%, and 4,89,
respectively, and, for the Toshiba LMR-13 linac, were 42.9%,, 44.2%,, 6,29, and 6,6%, respectively.

3) The calculated photoneutron yield in the target of the LMR-13 was 1,9 x 10 ns"lpA-! and
was in good agreement with the recommended value in NCRP Report No, 51,

4) The calculated neutron dose equivalent rates from the major sources at the four locations
around the treatment head of the LMR-15 linac were in agreement with the measured values.

5) The calculated average neutron energies and neutron fluence to dose equivalent conversion
factors of the primary photoneutron spectra were about 1.4 MeV and 0.11 (mrem.h™'.n"'. cm?.s),
respectively, These values can be regarded as each upper limit for tungsten and lead,

6) The calculated neutron dose equivalent rates at the various locations using the average

neutron energy of 0.8 MeV and the neutron fluence to dose equivalent conversion factor of 0,08
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(mrem.h-!.n"'.cm?.s) agreed with the measured values within 20%, of the latter values.

7) In the x-ray beams, the ratio of neutron dose equivalent (rem) to photon absorbed dose
(rad) with the beam flattening filter was 0.026%, for the LMR-13 linac.
8) Substituting the tungsten target and the lead flattening filter for copper, the neutron dose

equivalent rates at the various locations inside and outside the test cell for the LMR-15 linac decreased

to 16389, of the values measured under the ordinary condition to the linac,

9) In the case of 10 MV xrays, the facility designed on the sale side of a factor of 2 for x-ray

shielding, even if the neutron dose equivalent rate at the treatment room door exceeded the permissible

dose equivalent rate, will be able to have the lower dose equivalent rate than the permissible one at the

controlled area only substituting the target materials for copper,
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Fig. 1 Test cell layout for the Toshiba LMR-15
linac. Points from A to H represent measure-
ment locations,
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Fig. 3 Treatment room layout for the Toshiba
LMR-13 linac. Points from M to T represent
measurement locations.
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Table 1 Neutron dose equivalent rates measured under four combinations of target and
filter materials at various locations for the Toshiba LMR-15 linac.
each location represent dose equivalent ratios.

Lower colums of

Neutron dose equivalent rate (mrem/h)
Tocation (Target, Filter)

(W, Pb) (W, Cu) . (Cu, Pb) (Cu, Cu)

A 1309278 1092361 6224241 4964-134
1.0000.301 0.83440.328 0.4754:0.210 0.3794:0.130

B 2213640 1942754 7084-338 5351:235
1.00020.409 00.878£0.425 0.3204:0.178 0.2424-0.127

c 2750790 25624812 11804:475 7794463
1.000=£0.406 0.9320.399 0.4294:0.212 0.2834-0.187

D 2178534 1744£913 8104:437 5594:528
1.00040.347 0.801+0.463 0.3724-0.220 0.25740.251

27573 25154 754:-45 65425
1% 000"‘0 373 0.915%0.311 0.2734:0.102 0.2354:0.110

F 46.5%1.0 39.4£0.5 10.34:0.3 8.94:0.2
1.000£0.031 0.84840.022 0.2224-0.008 0.1924-0.006

G 11.7+0.2 9.60.1 2.44:0.1 2.040.1
1.00040.022 0.821%0.017 0.2054:0.011 0.1712-0.008

H 5.010.8 4.5%1.2 1.24:0.2 0.84:0.2
1.0040.22 0.9020.27 0.244-0.05 0.162-0.05

Ke-rav output: 300 rad/min (3 Gy/min) at 1 m
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Table 2 Comparison of calculated and measured relative neutron fluences from major
sources at various locations around the Toshiba LMR-15 linac

Photoneutron sources
Leciticn Main collimator and .
Target movable diaphragms Flattening filter

0.49 0.38 0.13 (measured)

A 0.55 0.35 0.10 (calculated*)
0.56 0.33 0.11 (calculated®*)
0.66 0.24 0.10 (measured) B

B 0.69 0.23 0.07 (calculated®)
0.72 0.20 0.08 (calculated®*?)
0.64 0.28 0.08 (measured)

C 0.57 0.38 0.04 (calculated*)
0.62 0.33 0.05 R (calculated®*")
0.58 0.26 0.16 (measured)

D 0.69 0.23 0.07 (calculated®)
0.72 0.20 0.08 (calculated®#))

* Average energy, E=1.4 MeV
#* Average energy, E=0.8 MeV
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Table 3 Measured neutron dose equivalent rates
at various locations for the Toshiba LMR-13

linac
o Field Neutron dose
Location (em®) equivalent rate | Detector
(mrem/h)
0x0 9621353 %
M 0x0 572435 **
20%20 2812199 A
N 0%0 133130 =
o) 0x%0 982:+468 .
0x0 31396 *
P 20% 20 340280 *
Q 0x0 117:+36 i
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K 20%20 33:k15 *
S 0x0 8.6t1.6 bk
T 0x0 3.140.9 iy
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2 bRhBD, FPETITEofbolsidic o\ T
VRAEAR L.

3. 1. 1. TSk oi s,
—HRE s =5y FEBTBARBT IFESD 0



564 7 A 25H

FrbkFRERE 2 — 7 » b OWBIRICHIEH &
BT IR (differential photon track length)
DA HERIED =3 L F — LEWMEDLLXTF O
BRk=xrF-¥CcpTrzecirfoh
53070 L LEBED BE0x -4y FEOW
TOFER BH Ty, Berger™® ki3 v
FhA R OYWE LY Ta DEEOE S
WTEHE LTWA., —J Swanson™ (335 LA %
fio THEBOEED 2 — 7 »  OpfTFRAEEE
RdBFEARE LTWEH, EEE L - Tz
— 57y P OIS LT OB S RETIRIC S
DORBBH. T TAPFRTILTCoPH:TFRic
1% Horh M F I Bk kaRic X b B L,

B I(T, E) L)
Y-‘Sm”__mgj___ TR
it Y1 TR
( EICE)f_,dE 3

ZCC, Y HIBXER @ X5 Kb TR,
T : ABETOMER) =3 V¥, B GG
ERLF - LEWE, E : KF=x1rF—, I (T,
E) : B XFOWEA=27 r, o (B) : KB
JoWTERE, A ETFE, t TR E S,
N:7vp# Ve, ¢ (E): XFo2BIHimE
B ek @RD {l—e® Y p(E) « t XD
WIAHIEDIHTH 5.

3. 1. 2. FtE%LH

Z=%y PRBIUVRE, Ea)x1—%, 75,
b=vZ 7 gz, BED T DR A R
(DR LD FE T 5ix I0MV XA 2 b
N, FRERE O XSO R, B C— 2B
Wb o XFRI I b O E S %L BRI T
BHBHLENRHD.

3. 1. 2. 1. I0MV XA~z b

Bvz =5y bbREEIRLE=FAF-X
WoO=FkAF—AR7 b AT 548D T
Aiceds, 10MV X DTk Berger Ho
VT AR XA EHER L Starfelt & 0 F2HIE
O (Bt 9.66MV X&) 75 5%, =
Hn5135.80g/em? OELED 2 v AF VA =4y
FZ oW OFERT, MEEL—FK LT3,

639—C21)

—% LMR-13 % X 08 LMR-15 D % — % o kE\»
Fh$,6.76g/cm?® o % v 7 A5 v 15.80g/cm? ¢
2=y b EBERICASRY AT b EIHEEX
hb. T THRPFRETIL Berger 6 0 TR0
Atk Starfelt & OFERIEA 2E 1L/ BIE
Lizb & IOMV X oAz bt L, B
LT AY D Tl SN B TR E AR bAg
1 elies L5 HBLLTEEE L D%
Fig. 4 ic7rn7d. —HBIC XA 27 P AL Xigok
HAhme XL, BFoAHITME T A%
HhESIKHBIBFOZZNLF — ALY FIT{E=
FAF QTR BN, ReM% & - TEHEWR
FXTC Fig. d oA27 bAZ {EH LIz, 7ok 10
MV X4 0856900 JH ik i3 6MV
X L e 0T, RO XBIc X 5%
AN S T AP

10° T T T T T T T T T
10 MV X-rays

Tungsten target

T T TrTTT
11 11111

Target thickness 5.80 g/cm?

g
Elwﬁﬂ :
g F ]
8
= F ]
a - -]
Oql - -
2 "
g 10k L'T\, ]
« F ", ;
M ™ ]
ot ™ i
| ™ l
5 ™ .
& = 3
10% 1 ' L 1 1 1 ] ' L
0 5 10

Photon energy (MeV)

Fig. 4. Spectrum of 10MV x rays emitted from
5.80 (gfcm?®)-thick tungsten target which was
obtained by combining calculated spectrum by
Berger and Seltzer and measured spectrum by
Starfelt and Koch
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Fig. 5 Angular distribution of emitted x rays from high-z targets quoted
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Fig. 7 Photoneutron yields calculated for tungsten
and lead as a function of material thickness
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Table 4 Calculated photoneutron yields in major
sources within each treatment head for the To-
shiba LMR-15 and LMR-13 linacs

Photoneutron yield

Photoneutron

source LMR-15 LMR-13

i 80 10° .02 x10°%
Target w zn%-ligl* w ! EJZJA'llgl
Main i )
collimator W | 2.18%10° | Pb| 1.98x10°

Flattening 1 :
filter Pb| 3.07x107 | Pb| 2.77x10"

A s | Pb| 2.68x107 | Pb| 2.98x10"

# Including photoneutron yield of the backing
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3. 2. 1. hFo=3rF—-227 1

W TR D 7 o T R B O P T 2
RICERT 53k Fo=3 1 F-A =2}
DBETH HBENBH B D, ThcBTHEE
A TR0 | R SR T IR AR PR E T A
Jerbih:F ORA AR L AR XD L R
fed o ENTEDY, BEERRETXToXF=
FF - P OPETIC L T, PR
~l 2w 588 T, FoBRXPHTFIRXTF =%
nF— b TF oA = 2 A F - DEOER) -
N =T BBl — Rt O = F o F - 17K
FERE TR S hicrp T O = F v — X
DREL LB THEAS. Lich s Tl hasd
A TCONHrPETIREESRRIC X 5 &RE LCEHE
LicKf T o =54 ¥ — A2 b AT
R A HEE T HBRO LR 52 5 2 Licie b
ThhHsH, FovlOMV X L5 btk To
R TRTCEEERIC XS E HE LT3
Fe-ARy PARHE L. ST =5 F -0
E+4E » Eoiich 58, B Shs Kbt
Bo4Y (B) ix BAEMAETHz&wwrvBbh
5. FilcZ OFFOIARMET Ol = x4 F —1EK
KRBz bhs,

En=E-—Bn--  ereesreesstiriciisniiiiiniaes (4
o€, En:¥rpiFo fli#h=c1¥—, E:
WF=HAF -, Bn:EF o fig=Fkors—
Tihh.
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Fig. 8 Primary photoneutron spectra calculated assuming that photoneutron
production results from direct process of 10MV x rays. For each curve,
the relative number of neutrons per 0.1-MeV interval has been normalized

to unity.
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Fig. 9 Transmission of neutrons through lead under
broad-beam conditions which was obtained from
data given by Maruyama et al.
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K, RIFENG 2MBELENDEXER L, il
Koo $,0.07/m? kL. foRA OB O 44
DEFE BRI X %IR58 2 B0 L.
3. 2. 3. HERMEEOFHRRSR
LMR-15 % L O8 LMR-13D 4 fic2\ T o EE
M wrhZh Table 5 X6 77T. i
Table 5 Neutron dose equivalent rates calculated
for four combinations of target and filter mate-
rials at various locations for the Toshiba LMR-

15 linac. Lower colums of each location repre-
sent dose equivalent ratios.

Neutron dose equivalent rate (mrem/h) |
Loca- (Target, Filter)
Hom 1w, Pb) ‘(wutho (Cu, Pb) | (Cu, Cu)
A | 2046 2648 1303 1005
1.000 0.899 0.442 0.341
B 4953 4710 1640 1279
1.000 0.951 0.331 0.258
o 5942 5683 2509 2237
i 1.000 0.956 0.422 0.377
D 4929 4688 1632 1273
| 1.000 0.951 0.331 | 0.258
E 487 452 154 118
B _ 1.000 0.927 0.315 0.241
- 70.7 65.5 22.3 17.1
j 1.000 0.926 0.315 0.242
G 13.9 12.9 4.4 3.3
7 1.000 0.928 0.317 0.237
H 9.1 8.4 2.9 2l
1.000 0.923 0.319 0.242

X-ray output: 300rad/min (3 Gy/min) at 1 m

Table 6 Calculated neutron dose equivalent
rates at various locations for the Toshiba
LMR-13 linac

. Neutron dose
Location (F 1;]% equivalent rate

—_— (mrem/h)
M 0%0 1742
2020 6500
N 0x0 653
O 0x0 1620
g 0x0 600
20 %20 603
Q 0X0 229
‘ 0x0 64

R

20% 20 69
5 0x0 14.0
T 0x0 3.7

X-ray output: 300rad/min (3 Gy/min) at 1 m
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FHEYMBERIZ — &y b Im kit 5 X5
H 745 300rad/min (3Gy/min) oo {iT kLT
5. Table 5 |33~ THIHEF A 0x 0cm? D4
DOHDT, 74120 EHOBEI2. 3. 1. 1. ©
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&, TEETIRIER CEA 2R LT 5 05% Ofexs
EEFTREO T 2 5K EWEL oo T 5,
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[RAE & HETE L7zl . 4AMeV X b inie b\ & HESE &
ha.

— M 81T 5 FREEF20 X 20cm? oA DO X
M (ad Fioik Gy) @ X35 shikriiEY
fir (rem F -3 Sv) o¥I4130.036% ©, CR-39
X BENED H40 0.016% X b 2458 Lk
L,

Wit A, B, C, D&AICKTBhE:TFHEY
FADEFETE 2 H O %4 © El&1L Table 2

AAEZRHHBEEME HaE H75

DOHEICTRT. EEOERED S OHEEE & 5
fE 2B —FHLTwh, £HEbx—¥
vy PBOFERREREHDTDBZ LWL
RSB BRA,

4. 1 REPEFOFEHIRNFE—CO20TO
B s ETFRESE

10MV X X % KorpdETF o =50 ¥ —
O_ERR{E & UTHESE Licl AMeV iEEfE o5

EEPRENEOH 2 (xR Lz L L h
DOFE = A — X )i ) REWTH B L HEZR
2D, T CEEEN A F AN SIS
Yerh T DG = 5 L F — B ASTES A T L
7z,

LK Fo =2 H— 2Ry b AT =
FF - BAHT HWEOXERIGHTER OE X
HIHE— 7 LY PoRETE, BoEPHETO
EHRAF—ARZ PARC L P AR P
b, A THBEIh 552 ERMHRT LB,
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Fig. 10 Photoneutron spectra calculated assuming that photoneutron produc-
tion results from evaporation and direct processes
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Fig. 11 Calculated and measured neutron dose equivalent rates at various
locations for the Toshiba LMR-15 linac.
tained on the basis of the assumption that average neutron energy is ).8MeV.
Each location has each value for four combinations of target and filter

materials,

The calculated values were ob-
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Fig. 12 Calculated and measured neutron dose equivalent rates at various

locations for the Toshiba LMR-13 linac.

The calculated values were ob-

tained using the value of the same average neutron energy as Fig. 11.
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U5 2 7o 2 RRE RV b h
TELMES L e —ARRHY h—HEx A Pl X
DIEHPIEE L, BHOXBomERRE (200~
300rad (2~3Gy)] T F&ET HrPlETIR HF LT
Fhris v AE VAR LR,

FR AR L 5 BT o=FrF— 1L &
VAR 0.14MeV T LSBT O =203 —
T3 vAKE AL SMeV IJF TihigiE e
ThH5™P. LichioT IMeV LT o fhfEFaik
i s & % Sha I0MV X X 5%
T OMIE I TIEE I HEB I h 55, WER
B BAE 20X 20em? T SEB =¥ — 0.8
MeV & LB X D #940%, %7 0x0cm? ¢
BERESS X O RRERELE T ORE X D 40
ZENTHWPEETH T, OB OWT
IRIETE 2SO THEIRT A 0E B 5.

-~ Sohrabi B*EIHEY H—FEFxA bx B
Tk R ARG LTw B, oS oRie
BEL S BT 0=+ — LEWEIZH IMeV
THEHOTY, 10MV XHo $E1it R e
BHHETH B,

5. 2. hiEFiRE KU AiETFREH

AR TEE -7y b, Ealr—x, 75,
P2 Z7ANZBIVEY R~y FRNOIEE
hEEFIR E RFE UC JerP Tl & SHEL L,
BRI APIE A COREMER Y R
Fig. 11 s XV 121C75 330 ) SRRME E X < —F L
fz. %72 LMR-1500 A, B, C, DAL ET S
TR Lic APl TF > b offEMERo B4 i
Wb Table 2 oo < FHEME & FERMEL HLEHY
BUSHIEERLTWS, ZhbOEESb T
{53 X O OBFT CoXerh I8 o B SEE
TaoEETE R b0 LHEZE S hA. ok LMR-15
D2t =5y b OIFHETFEABL LMR-130 2 —
o P XD RECDIE -5y FOBRED
BEEXER Uil T, EEICL ST oS
MHECTE v, IOMV Xie X b2 -4y b
B OFFRET-FEAE R oo\ T o §fi5 330 -0
Table 7 /"33 TH B2, REOHEHED DI
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AREERRESMERS S HT75

Table 7 Comparison of calculated or measured photoneutron yields in thick targets

[ Neutron yield

X-ray energy Target material (ns A

““Barber and George (1959) | 10.2MV | Ta (6.30 gem™) 5.0 10%

10 Ta (6.30 gem™) 4.4%107

Selizer and Berger (1973) m W (6.76 gom') 5.0%107

NCRP 51 (1977) 10 Ta (6.30 gem™) 2.0x10°

Swanson (1978) 10 W (67.6 gem™) 5.7x10°
Present work 10 W (6.76 gem™) 1.9%x10° |

* Measured

{—FH LT3, & —%y b HAofiETFE>
WTOIREIL Fox B LU McCall & iy
HaHH, 10MV X o nw TR 5w, Fox
B 23MV Xie o T Al 7 4 4 4% FHuw
ThEF7r= v ARPEL, £EDHRISL R 7
Sy b=V 774N 2hbEHEh, AR
—5y PRICEOEENLHEERE LHEL
T,

F 7= McCall 5% 26MV Xz o \WT & —
Fob, FaVr—2R8L07F, b=vr 74
AERETFEE LTEoREREHEL, ch
B TR O HE X TRTCE v AT vl
&, ket sElE8% Fhrhss, 48, 14% &
BELTVWED., chboFRIXB=FALF -1
BOWC 2 ) 2 =2 B LU7 4 42O, HHE,
E2ERAMRCORE LR e dEELE T
Ehbh, BE-FLUCERIED RS, b
Z—F o bFIVFE=Y 2 -2 W, Pt, Au, Pb

Frehhistkop:FREROHBZ I hD
HHEHEhD LRl s,

— IR % &b TR BB N/ & M Db i F
7 N= v ADMERERILE  OFEET X b s
ThTwah, 10MV X 2TiL McGinley
5929 Deye 5, McCall £, Tochilin &%
DIMENDB. ChbXTNTH -7y P2
Clinac-18 B bhicb 0T, WEHE XD
rad ¥ b pepEF 7= v AL LTERE I AT
5. £TT7 A= v A—ffaY B R ARBUC A
72 rf7-0.8mrem « h™' +n™' e cm? « s (0.8uSv «
h™* en~tecm®«s) %M LCHEWMEF —2 %X
FH % 300rad/min (3Gy/min) D& o FEEY
BCEBRL, FRAWRTORHBME Zhb ol
s — 2 W T B0 LMR-13D % — 4y, + %
$f & i UCEHR Uickb % Table 8 iimd. B
HBFARoRE:TF 7 4= v A2\ T, McGinley
B UL T ie o T iE1.06 % 10'n/rad & 33

Table 8 Comparison of calculated values based on a assumption that target material
of the Toshiba LMR-13 linac is copper with reported data on Clinac-18

Total neutron fluence Neutron dose -

Investigators per x-ray rad equivalent rate I.Ei?el:tnmqark Location

(ncrn"frad? (mrem/h)*** ) *
McGinley, et al. 1.128 %10 .

(1976) (1.06X 10%-+6.8 X 10%++¥) 4512 2151 e
McGinley and Sohrabi 6.18%10° .

(1979) (5.5%10%+6.8 X 10**) &2 2t Inbeam
MeCall g Swanson 3.34x10° 1837 2151 In beam
Deye (agwl;ou:ng 4.1%10° 1640 400 llae’::lm outside
Tochilin and LaRiviere ) On one meter

(1979) 2.0x10° 800 753 ire

#* Fast-neutron fluence
##¥ Slow-neutron fluence

#%¥ Conversion factor used is 0.08 (mremsh™'en"'scm?s) obtained in this study.
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