
SLAC-PUB-2346 
June 1979 
(A) 

NEUTRONS FROM MEDICAL EJ,ECTRON ACCELERATORS ' 

William P. Swanson and Richard C. McCall 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 94305 

-cI 

ABSTRACT 

The significant sources of photoneutrons within a linear-accelerator 

treatment head are identified and absolute estimates of neutron production 

per treatment dose are given for typical components. Measured data 

obtained at a variety of accelerator installations are presented and 

compared with these calculations. It is found that the high-Z materials 

within the treatment head do not significantly alter the neutron fluence, 

but do substantially reduce the average energy of the transmitted spectrum. 

Reflected neutrons from the concrete treatment room contribute to the 

neutron fluence, but not substantially to the patient integral dose, 

because of a further reduction in average energy. Absolute depth-dose 

distributions for realistic neutron spectra are calculated, and a rapid 

falloff with depth is found. 

Introduction 

There has been recent controversy among radiologists and regulatory 

agencies in the United States about the seriousness of the risk to 

patients and hospital personnel arising from unwanted neutrons produced by 

high-energy therapy accelerators. This paper summarizes recent studies 

made at SLAC regarding the generation and transport of this neutron field. 

Although relevance to medical accelerators is emphasized here, these 

studies are applicable to radiation protection at all electron accelerators 

which operate above the threshold for photoneutron production. 

Neutron Production 

The yield of photoneutrons is proportional to the convolution of the 

(y,n) cross section and the photon track-length spectrum, which decreases 

rapidly with photon energy. The result is a yield curve which increases 

rapidly with primary electron energy for constant electron current up to 

approximately 25 MeV and more slowly thereafter. For constant electron 
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beam power, the neutron yield is almost constant with primary electron 

energy above 35 MeV. Swanson CSw78, SW791 has recently published neutron 

yield calculations applicable to this energy range (Fig. 1). 

In Fig. 2 we have plotted the Monte-Carlo unflattened and flattened 

phot& dose rates at a typical 1 meter target distance per mA of electron 

current for various target thicknesses. The result of dividing the data 

of Fig. 1 by those of Fig. 2 gives us the ratio of the maximum neutron 

fluence $max to the useful photon dose at the same distance. This is an 

absolute prediction to which comparison with measurement is invited, This 

ratio becomes nearly constant above about 25 MeV incident electron energy 

Maximum Neutron Fluence Rate at 
I m per mA Incident Electron Current 

Eleciron Energy (MeV) II.**, 

Fig. 1. Calculated maximum neutron 
fluence rate at 1 m per mA of 
incident electron current, plotted 
as a function of electron energy. 
The conditions for which these 
curves hold correspond to the case 
in which all neutron-producing 
parts are of W or Pb and the 
movable jaws are fully closed. 
Isotropic neutron production and no 
attenuation of neutrons in shielding 
materials are implicitly assumed. 
Lower two curves correspond to cases 
in which all neutron producing parts 
are made of Fe or Cu and are shown 
for comparison. Data are derived 
from Fig. 5 of cSw791. 

where its value is about 2.1~10~ 

neutrons cm -2 rad-1 (Fig 3) As . . 

discussed by examples below, 

EGS W 0” Unflottened 

EGS Cu Unflottened 

EGS W Flattened 

EGS Cu Flattened i 
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Fig. 2. Photon absorbed-dose 
index as a function of incident 
electron energy, as obtained from 
the Monte-Carlo program EGS. 
Upper data are from W and Cu 
targets without flattener. Lower 
points show same data but after 
flattening. Measured values 
obtained on existing commercial 
accelerators are shown for 
comparison. 
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Maximum Neutron Fluence 
Per rod Of Useful Beam 

o Measured 
0 Calculated 

IO 15 20 25 30 35 40 45 
Electron Energy ( MeV) ,SIP,l 

Fig. 3. Maximum neutron fluence 
per rad of useful beam COO, 
flattened). Data are from the 
W curve of Fig. 1, divided by 
the photon absorbed dose index- 
for W (flattened) as calculated 
by the Monte-Carlo program EGS 
(the triangles of Fig. 2). The 
conditions for which this curve 
holds are the same as for Fig.1. 
Calculated points (circles) and 
measured points (squares) are 
mostly from Table 2. 

where T is the nuclear "temperature!' 

measured data that fall significant- 

ly below the curve are likely due to 

cases in which energy-absorbing ac- 

celerator components are not all of 

high-Z materials, or measurements 

were made with moveable jaws open. 

Points that fall significantly 

above probably represent cases in 

which there is substantial loss of 

beam on "targets" within the trans- 

port system before it reaches the 

intended target. 

Neutron spectra in the giant re- 

sonance contain two components -- 

the evaporation spectrum and the 

direct emission spectrum, The 

evaporation spectrum is the larger 

component and can usually be des- 

cribed adequately by a Maxwellian 

distiibution . 

in MeV for the particular nucleus 

and is also a function of the excitation energy. One should note that the 

spectrum peaks at En=T (most probable energy) and has an average energy 

of E= 2T. The evaporation neutrons are emitted almost isotropically. 

Values of T generally lie in the range 0.5 to 1.0 MeV for high-Z materi- 

als. Mutchler has done an extensive study of photoneutron spectra from 

thin targets cMu661. It will be shown later that the spectrum of photo- 

neutrons can be degraded rapidly in heavy metals so published spectra 

must be considered as representative of a particular target thickness, 

and this must be taken into account in a proper assessment. 

Transport of Neutrons in the Treatment Head 

The typical medical accelerator has massive shielding around the tar- 

get to provide photon sh:elding and produce a collimated beam of x-rays. 
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Neutrons which are produced inside the head are produced approximately 

isotropically and penetrate the head shielding in all directions. The 

photon shielding is usually of some heavy metal such as tungsten or 

lead, and there is also a certai.n amount of iron and copper from bending 

magnets in the head. 4 The only significant neutron energy loss mechanism 

in these heavy elements are inelastic scattering and (n,2n) reactions. 

Both of these processes are effec-tive in the MeV energy region but the 

(n,2n) reaction is most effective at the higher energies. Inelastic 

scattering can occur only at energies above the lowest excited state of 

the shielding material. These lowest excited states are in the neigh- 

borhood of 0.6 to 0.8 MeV for lead and iron but about 0.1 Mev for tung- 

sten; therefore, tungsten is more effective in reducing the energy of 

neutrons by inelastic scattering. In the (n,2n) reactions the minimum 

energy loss is equal to the binding energy of a neutron, and since the 

energies of two emerging neutrons tend to be similar, they produce 

large numbers of quite low energy neutrons. Because these cross sec- 

tions together amount to 1 to 2 barns, the typical neutron undergoes 

several collisions within the photon shielding. In addition, a large 

amount of elastic scattering takes place (cross section 4 to 5 barns). 

This results in negligible energy loss but goes increase the path 

length in the shielding, and thereby offers greater opportunity for 

the inelastic and (n,2n) reactions to occur. 

Although the spectral degradation is significant, the attenuation of 

neutron fluence is small, because the capture cross sections of these 

materials are small down to thermal energies. With a spectrum contain- 

ing high-energy neutrons, such as a fission or PuBe spectrum, there can, 

in fact, be a slight buildup of neutron fluence due to the (n,2n) 

reactions. In Figs. 4 and 5 are shown the average energy of several 

spectra calculated after passing through spherical shields of tungsten 

and lead C~c781, using the Monte-Carlo program MORSE CSt761. It can be 

seen that tungsten reduces the average energy faster than lead, and 

also that this reduction continues out to greater depths. - 

It is frequently stated that a fission spectrum is very similar to 

the photoneutron spectrum found in machines in this energy range. This 

is true for the primary spectra, but not for the spectra after they have 

penetrated the head shielding. In Fig. 6, we show the integral photoneu- 

tron spectra for 15 MeV electrons on tungsten and for 252 Cf fission neu- 

trons; these are indeed seen to be quite similar. On the same figure, 



Fig. 4. Average neutron 
energy as a function of 
radial W thickness for 
15 MeV (incident electron 
energy) photoneutrons, 

-and g2Cf and PuBe neutron 
spectra. Over the range of 
W thickness typically used, 
there is a substantial de- 
crease in average neutron 
energy in penetrating the 
head shielding. Data are 
from the Monte-Carlo 
program MORSE. 

We show the spectrum from 

15 MeV electrons on tung- 

sten .after the neutrons 

have penetrated 10 cm of 

tungsten. It is clear 

that there is a large dif- 

ference between these spec- 

tra. In particular, one 
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tor, using a threshold 

detector calibrated with 

a bare 252 Cf source, the 

results will be consider- 

ably off. Also shown on 

this figure is the further 

degradation due to the 

concrete room in which 

medical accelerators are 

commonly placed. 

Fig. 5. As for Fig. 4, 
but for Pb. The reduction 
in average neutron energy 
is somewhat less for Pb 
than for W, even when the 
two materials are compared 
on an area-density basis. 



Fig. 6. Comparison of various 
neutron integral spectra to 
illustrate spectral modifica- 
tion by W shielding and a con- 
crete room. The median energy 

.can be reduced from 1.5 MeV to 
about 0.2 MeV by the combined 
effects of the W and concrete. 
The bare 252 Cf spectrum is 
shown for comparison. Data 
are from the Monte-Carlo 
program MORSE. 

Neutron Transport 

in a Concrete Room 

Nearly every medical accel- 

erator is placed in a concrete 

treatment room. In such a 
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In Concrete Room 

I I I ll!lll room, neutrons from the accel- 
0.1 I IO erator scatter in the concrete 

so-1 E (MeV) llB”llld 
and may be absorbed or scat- 

tered back into the room. These neutrons add to the neutron field coming 

directly from the accelerator head. However, their contribution to the 

patient's integral dose is a much smaller fraction of the total, because 

of the softening of the scattered spectrum discussed above. The average 

energy of the room-scattered component is about 0.24 of that of the 

direct component CMc78, Mc791. 

Neutron Sources in a Medical Accelerator 

From the calculations of CSw78, Sw791, one can calculate the neutron 

yield from a single target material of finite or infinite thickness 

(';lO R.L.). It is of interest to compare the neutron yield from an 

accelerator with these models. 

We consider a typical therapy machine with the geometry of Fig. 7. If 

the target, flattener, jaws and main collimator are of the same material, 

this would always be Pb or W and, to a reasonable approximation, the neu- 

tron yield of these can be considered the same. The only photons effec- 

tive in producing neutrons are those above about 8 MeV. These are mostly 

forward directed and will either be absorbed in the main collimator or 

pass through its opening and through the flattener. Those which penetrate 

the flattener may or may not strike the jaws, depending on their opening. 
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Fig. 7. Arrangement of neutron- 
producing parts within a radia- 
tion treatment unit (not to 
scale). All of these components 
are practically indispensible 
and are found on all standard 

-modeI". Numbers indicate the 
approximate percentages of neu- 
trons produced at 25 MeV rela- 
tive to the maximum number pos- 
sible, assuming all parts are of 
high-Z materials (W or Pb). 

Those passing through the jaws' 

opening may be absorbed in the 

patient, the beam stopper if 

there is one, or the room con- 

crete. The neutron yield from 

concrete can be considered neg- 

ligible, especially since self- 

shielding would be large. 

Most medical linacs provide 

fields up to about 35x 35 cm2 at 

ELECTRON 
BEAM 

TARGET 

: / -33% (for I R.L.) 

FLATTENER 
N I 2 % 

MOVABLE JAWS 
- 0 % (open) 
- 13% (closed) 

l4O 
MAXIMUM 
OPENING 

100 cm from the target. The main colli- 

mator covers all forward directions beyond the extremes-of these fields. 

The half-angle of the main collimator is then about 14 degrees. In order 

to see what fraction of the high-energy (> 8 MeV) photons are within this 

angle we have used the Monte Carlo program EGS C~0781 for various target 

8’ 

8 l 

I 9 I Iilllll I I I lllll 

I IO 100 
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thicknesses and electron energies. 

We have used what we believe to be 

practical linear accelerator target 

thicknesses. From our Monte-Carlo 

calculation we can construct curves 

such as are shown in Fig. 8. As a 

calculational example consider a 

25 MeV accelerator with a 1.0 R.L., 

W target, W head shielding and a 

Fig. 8. Percentage of high energy 
photons ('8 MeV) emitted within 
the angle 0 from an accelerator 
target, as a function of 0. Three 
target material and thickness com- 
binations are shown. Data are 
based on Monte-Carlo calculations 
using the program EGS. 
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W flattener. From Fig. 10 of C&781, WC find that the neutron yield from 

this target is about 33% of that from an infinite target. From Fig. 8 we 

see that the high-energy photons are 38% inside the main collimator angle 

and 62% outside, and these strike the main collimator which is practical- 

-1y alrinfinite absorber. The 38% inside the main collimator strike only 

the flattener. A tungsten flattener for this target would be about 2.3cm 

(6.6 R.L.) thick in the center and approximately conical. If we weight 

this conical shape with the high-energy photon distribution, we effective- 

ly have 2.9 R.L. over this angular range. Using Fig. 10 of [Sw781 again, 

we find that these photons produce 47% of the infinite target yield (dif- 

ference between 1 R.L. and l-i-2.9 = 3.9 R.L.). Our total neutron yield 

relative to the infinite target then is as follows: 

Target - = 33% 

Main Collimator - 0.61~ 67% = 41.5% 

Flattener - 0.47~ 0.38~ 0.67% = 12% 

Total - = 86.5% 

From Fig. 8 of CSw79l(see Fig. l), the yield for an infinite target of 

W at 25 MeV would be 1.5~ 10 i2 n/set per kW. From Fig. 2 we have 8.95 x 

lo4 rads/min per mA or 60 rads/sec per kW for our example. Then the 

yield of neutrons relative to the photon output would be 1.5X 1012 n/sec- 

kWx 0.865t 60 rads/sec-kW = 2.16x lOlo neutrons/rad. This would be the 

yield with the jaws fully open. Fully closed the yield would be 

2.16/0.865x lOlo = 2.5x lOlo n/rad. With intermediate jaw openings the 

yield can be calculated by converting the jaw opening to angle and using 

Fig. 8 to calculate the yield. 

We have made similar calculations for several choices of source mater- 

ials. The results are summarized in Table 1 below. Note that while the 

Table 1. Summary of Neutron Source Calculations (25 MeV Electrons). 
\ 

Material and Percentage of Neutrons Fractionof Neutrons 

Target Flattener Main Collimator -, Infinite W Yield 1 per rad 

W 38% W 14% W 48% 86.5% 2.2X 1o1O 

W 43% Fe 2% W 55% 64% 1.6x lOlo 

cu 9.2% w 30% W 60.5% 84% 2.1X 1o1O 

cu 12.5% Fe 5.7% w 82% 64% 1.6~ lOlo 
I l. 
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total neutron yield does not change very much, the fraction of the neutrons 

originating in different areas changes. This is useful information for 

an accelerator designer trying to minimize neutron production. 

We have made calculations similar to the above for several accelera- 

_ tars-for which we have sufficient data on the geometry and materials. In 

each case, we made measurements of the total fast-neutron source strength 

(determined by the method described in CMc781 of measuring thermal neu- 

trons in the room) and we have compared our results with these. The re- 

sults of these calculations are shown in Table 2. These results indicate 

Table 2. Calculated and Measured Neutron Yield per Photon rad. 

Accelerator 
Energy 

(MeV) 

ATC 25 MeV Betatron 25 

Siemens 42 MeV Betatron 42 

Varian Clinac 35 (Old) 25 

Varian Clinac 35 (New) 25 

Varian Clinac 18 10 

Siemens Mevatron XX 15 

6.8x log 

3.8~ 10' 

4.3x 1o1O 

2,2x 1o1O 

3.9x lo8 

5.8~ 10' 

Relative Neutron Yield (n/rad) 

Calculated Measured 

6.9x 10' 

3.7x log 

8.1x lOlo 

6.2~10~' 

4.2~ lo8 

7.6~ 10' 

that, in accelerators where the beam losses are reasonably well-known and 

if target thicknesses and geometries are known, one can probably calcu- 

late the neutron yield per photon rad to within 220%. With these calcu- 

lations and the "cookbook" methods described in CMC~BI, one could proceed 

to calculate the overall head leakage with a total accuracy no worse than 

about _+50%. 

Leakage Neutron Depth-Dose Curves 

There has not been very much attention paid to the depth-dose distri- 

bution'of the leakage neutrons in a patient. It has been shown that 

these neutrons are of very low energy, and one would expect them to be 

attenuated quite rapidly in tissue. We have made an attempt to calculate 

this depth-dose distribution using the computer code MORSE. In the calcu- 

lation, we have assumed a point source 1 m from the center of the phantom. 

The source spectrum used was that of either a 14 MeV (incident electron 

energy) photoneutron spectrum surrounded by 4 inches of tungsten or a 

25 MeV photoneutron spectrum surrounded by 4 inches of tungsten. The 

l phantom was a water cylinder one meter long and thirty centimeters in 

diameter,. centered at 1 m from the target perpendicularly to the beam 
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axis. In Fig. 9 we show the results of these calculations of absorbed 

dose for the two spectra. 
NEUTRON ABSORBED DOSE 

IO--‘3 t I I I I I I b I I I I I I 4 

b Air i H,O 
,+*urn 

on Tungsten 14 MeV Electrons 25 

(b) Spectrum 

MeV Electrons on Tungsten 

. 

. 
I I I I I I I I I 

0 5 IO 15 20 25 0 5 IO 15 20 25 

?-,P DEPTH IN H,O (cm) 35.982 

Fig. 9. Absolute depth-dose distributions in H20 for neutron spectra 
from therapy targets, modified by 10 cm of W. The water phantom is 
a 30 cm-diameter cylinder, 2 m long, oriented perpendicularly to the 
beam axis and centered at 1 m from target. Units are rads per primary 
(photo-) neutron. The air-water interface is indicated at 0 cm (the 
leftmost point represents the air dose). Data are from the Monte-Carlo 
program MORSE: (a) 14 MeV incident electrons; (b) 25 MeV incident 
electrons. 

Conclusions 

We have identified the significant sources of neutrons within the 

tre&ment head, and given absolute estimates of the amount of neutron 

fluence per treatment dose for various choices of target. MORSE calcu- 

lations show that the neutron fluence is nearly unaffected by transport 

in the high-Z shielding contained in standard treatment units. On the 

other hand, the same calculations show that the neutron spectrum is 

softened significantly by transport by the high-Z material., We have 

submitted an absolute prediction of the ratio of maximum neutron fluence 

(at 1 m) to the useful photon dose at the same distance. This ratio 

rises to an approximately constant value of 2.1X lo5 neutrons cm 
-2 -1 rad 

at incident electron energies above 25 MeV. By means of MORSE, we have 

calculated absolute depth-dose distributions for realistic neutron 

spectra in.H20 phantoms and found a rapid falloff with depth. 
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