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INTENSITY ESTIMATION FOR A NEUTRON BEAM
FOR BIOLOGICAL AND MEDICAL APPLICATIONS
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Augustb 1970

" ABSTRACT

Fast neutrons of energies in the multi-MéeV region are of great interest
for biological and medical applications because of their special type of in-
teraction with tissue-like material. The neutron energy is delivered to the
tissue by one or several of the following means: (a) recoil protons,

(b). recoil heavy particles, (c) nuclear disintegration, and (d). low-energy
protons from neutron reactions with nitrogen and y rays from neutron cap-
ture in hydrogen '

This report discusses intensity estimations for different types of neu-

- tron beams, and is based on averaged and interpolated values from pub-:
lished and unpublished sources. In making the estimates, we have assumed
realistic values for the distance from neutron source to exposure area. This
assumption is necessary for two reasons: (a) to allow for the installation of
sufficient shielding to reduce the background radiations in the irradiation

. area, and. (b) to allow for neutron beam divergence so.that reasonably large
objects can be 1rrad1ated unlformly

INTRODUCTION . .
Fast neutrons of energ1es in the multi-MeV reglon are of great interest for blolog1ca1 and
med1ca1 applications because of their special interaction with tissue-like material. Energy is de-
livered to tissue by. . ' ' » . - ‘

a. recoil protons,
b. recoil heavy particles,

c. nuclear d1 sintegration,

d. low-energy protons from neutron reactions with nitrogen, and y rays (wh1ch produce electrons) .

from neutron capture in hydrogen.

Depending on the’ neutron energy, the importance of the different processes for the total dose de~

livered to tissue varies considerably. For energies below 14 MeV, J. F. Fowler gives the pro- '
portions which are reproduced in Fig. 1. In the same flgure, values g1ven by Irving et al. = for
30-MéeV neutrons, incident normally, are also plotted At about 30 MeV, elastic and 1ne1ast1c
events contribute with about the same percentage to the total absorbed energy. In the neutron

energy region of 30 MéV the depth-dose curves for absorbed dose start to become reasonably flat’

for a tissue slab of 30 cm thickness. In this energy region, the large contribotion' to the absorbed

dosé from secondary particles with a high LET provides a high relative biological effectiveness."

For these particles, the oxygen-enhancement effect on radiation damege decreases to nearly unity.

.This is of particular interest for medical applications of neutrons in the treatment of malignant.

diseases.




We studied in this vreport how an intense and fairly monochrométic neutron beam could best
be produced Economic con31derat10ns suggest that energy requ1rements for the neutron beam -
not be excessive. We concentrated therefore on'a neutron beam of about 25 to 30 MeV with a ‘half
width of a couple of MeV, This energy region is accessible for a number of existing high-current
accelerators--at LLRL,: the 88-inch sector-focused cyclot’ro_n.' v

This report discusses intensity' estimations for n.eutron beams, and is based on averaged and
interpolated values from published and unpublished sources. In making these estimates, we have
assumed rea11st1c values for the distances from the neutron source to the exposure area. The -
distance assumptions are necessary for two reasons: .(a) to allow for the installation of suff1c1ent
shielding to reduce the background radiations. in the irradiation area, and (b) to allow for neutron

beam divergence so that reasonably large objects can be irradiated uniformly.

Neutron Production

There are essent1ally three neutron productmn processes for neutrons between 25 and 30 MeV.

They are (p,n) reactmns, (d,'n) strlpplng reac’cmns, and the final-state T(d n) He reaction. Most
of the work done on ‘stripping reactions is in the field of low energy in order to obtain information -
about nuclear states and to check the validity of Butler's stripping theory. 3 At higher energies

v(z 20 MéV) only a fev(z experiments ha_.ve’ been performed, and most of these are concerned with
the angular.distribution and relative yields of the emitted neutrons. At such energies, absolute ‘
cross sections aré given only for pa-rticuiar reactions with'defined final states, e.g. , R. .
Slobodrian4 gives 62 mb/sr at 15 deg for 13C(d,n)13c-3.68 MeV, > and 3.5 mb/sr at 9 deg for
Be(d, n)'Be-3.37 Mev, 5 ete. '

For monoenergetm neutrons, most of the available expenmental data are from the (p, n) re-

action in light nuclei. The reason for this is that (a) most accelerators accelerate protons only, :

and  (b) the neutron energy from stripping'is only half the deuteron en'ergy‘, whereas the neutrons
from (p,n) have a peak at the proton energy less the Q value.
In the following, we compare the three types of reactions with respect to 1ntens1ty, mono-'

chromatic behavior, and angular d1str1but10n.

Neutrons Produced by Deuteron Stripping
For the required neutron energy, 25 to 30 MeV, we need’ information about the stripping cross

sections of 50 to 60- MeV deuterons. Serber6 predicts a cross section of 104 mb for Be (SAi/3
>4 10—26 cm ) At a- much higher energy (160-MéeV deuterons) Millburn et al. have found that the
stripping cross section for beryllium and carbon targets is about three times as high (= 330 mb
and 430 mb respectively) as predicted by Serber's formula. For 190-MeV deuterons, Knox has
compared the stripped neutron yield from different target elements. 8 The relative yields follow
Serber's formula. Knox mentions that the neutron yield from 190-MeV deuterons is 40 times the

neutron yield from 340-MéeV protons on Be at 0 deg. The total high-eﬁergy neutron pr'oducfion

cross section for 190-MeV deuterons on Be is about three times that for protons. The total neu- -
tron production cross section for protons on Be'is on the order of 130 mb, therefofe we assume
that the total production cross section for neutrons from 190 MéeV protons is = 400 mb (total in-
elastic cross section 522 mb); an upper limit for higher energy stripping.

At lower energies (10-MéeV deuterons) Smith and Krugerg report a total neutron y1e1d of

3.23)(1010 neutrons/microcoulomb of deuterons, or 5.2X10'3 neutrons/deuteron. The range of



v

these deuterdns is 80 rn_g/cm2 in Be, therefore the total neutron cross section is

3.23x1010x9
0.08%6.023X10%3X 6.25x 102

o =

1.35 barn.

Neutrons of all energies were measured in this experiment. Also, this cross section is an upper

2

limit for the stripping react1on. .
William Wadman10 gives the following yields from a th1ck Be target:
a. 60-MeV deuterons: 5><101 neutrons_/m1crocoulomb, B
b. 15- to 20-MeV deuterons: 1X1011n/pc
Absolute yields from deuteron bombardments at 24 and 15 MeV are given by Crandell et al.
For thick Be targets they ‘obtained 18. 5X1010

11

v and 1. 9X1O n/p.C of deuterons respectively. Total

‘neutron yields from deuterons on Cu and Ta targets are conmderably smaller than for Be targets

(Fig. 2). . However, for str1pp1ng, according to the Serber theory, one :should expect hlgher cross
sections (Fig. 3). _ThlS shows that only relatively few of the neutrong are due to the stripping re-
action, . ‘ . | S ' . ‘
In his report, ' Shielding for the 70-Inch Cyclotron Experimental Facility at USNRDL, "
Moyeriz gives a compilation of available data comparing neutron production for protons up.to 100
MeV and deuterons up to 50 MeV. He mentions that the actual data in'most cases are obtained by
reasonable interpolations from published 1nformat10n. For neutrons produced by 50-MeV deu-
terons he obtamed the curves reproduced in Fig. 4.
Essent1a11y three processes are respons1b1e for the neutron product1on in Be when bombarded
with deuterons: '
(a) stripping of a deuteron by the Be,
(b) direct interaction, producing a rec0111ng neutron,_
(c) evaporatlon of neutrons.
All these processes contribute to the total neutron yleld _ :
The numbers given above are total y1e1ds, and therefore the neutrons are from all three types .

of react1ons However, for applications in b1olog1cal or medical experlments it is 1mportant to

“have a neutron beam with a small contribution of low-energy neutrons.

The neutron spectra produced by stripping are Gaussian-like distributions with a maximum a.t

one-half the deuteron energy (Fig. 5):

- BdX EO dE ' :
n(E)dE = > Xhalf width N deXEO !
| w[_E-i/on]-+de_Eo | | _
where EO = deuteron energy, and By= deuteron binding énergy = 2.2 MeV.'

The angular distribution for stripped neutrons follows a Gaussian distribution, 13

0(8) = o, exp(- e/b ¥ b—18(22/E ) /
For neutrons from 190-MeV deuterons, Helmholtz et al. 14 measured an anguler width of 0. 15
radian, which is’ in agreement with the Serber rr}_odel._ In contrast to the stripping react1orr, the' .
spectra from evaporation and direct processes vary considerably with the target element.. Using
the experimental data of Bostickis and Adelson, 16 Moyer has constructed neutron spectra from

Be bombardment with 60-MeV deuterons. These spectra are reproduced in F1gs 6 and 7, and



are the basis for the smooth spectra given in Fig. 4. For Ed 60 MeV the total emission spec-

trum gives a yield of 2. 3><10-1 neutrons/deuteron for a thick Be target (Flg 2).

From a comparison of the total neutron ylelds and the stripping cross sections, it is obvious

that for a monoenergetlc neutron beam with a small contribution of low -energy neutrons, beryllium

or possibly lithium should be used as a stripping target and not heavy elements.

Cross-section estimates can also be obtained from the inverse reaction, the picl;up reaction, -
which has a similar reaction probability--more precisely, the cross section of the pickup reaction
is a lower limit for thev stripping reaction. In stripping at 60 MeV, both 'particles—-the ‘proton and.
. neutron--can leave the nucleus, but in the pickup f’eact_ions the incoming particle must fo_rm‘ a deu-
teron in a defined final state. Hadley and York18
of 26 mb from a 90-MeV proton beam. About half of all the deuterons are in the forward d1rect1on,

13 for deuteron productlon with 300-MeV

0 to 25 deg. The cross eectioné found by Hess and Moyer
neutrons at large a.ngles is smaller. The production mechanism in this case is thought to be an.
indirect pickup on the surface of the nucleus. The authors mention that the direct pickup process
might be larger at lower energies, thus we can say that the total pickup at 60 MeV should be on
the order of 50 mb, We are left with a considerable uncerta1nty for the absolute stripping cross
section.” With a lower limit of 50 mb and an upper limit of 500 mb the most probabl_e. value is

= 300 mb for Be. ' 4 ' .

(p,n) Reactions

Much experimental work has been devoted to (p» n) reactions in light nuclei like Be, Li, He

H and 2H In the energy region frorn several MeV to a few hundred MeV, monoenergetic neutron .

beams have been produced by use of these reactlons We discuss some of the work that provides
the information for cross sections and angular and energy distributions.

At high energies Larson has used the D(p,n)2p reaction by irradiating liquid deuterium (30-
cm-long target) with 710-MéeV protons. 20 The neutron energy width was not much larger than
the 11-MeV energy loss of the protons in the target. At 7 deg from beam axis and 4.50 m from a
0.75X1.25-in. target Larson 'measure_d 104 neutrons per 1.3)(1010 protons. Ball produced a

- 300-MeV neutron B_eam of 44 MeV width, by inserting a 0.5-in, LiD target into the LRI, 184-inch
cyclotron beam. 2_1. He reports more neutrons in the 0-deg direction with the LiD target than with
a Be target w'ithv the same number of atoms. The ﬁeutron yield for 0.5-in. LiD is about half that
for a 2~in. Be target. No absolute values are given.

In a recent paper Measday‘z2 discusses the quality of neutron beams from the 2H(_p, n)2p re-; '
action in liquid deuterium. Parameters for the energy range from 80 to 150 MeV are given in
Table I. ' ' ‘ ) '

The 2H(p, n) reaction was further studied by Langsdorf et al. 22Vfor 144-MeV and 96-MeV ‘
protons. For the peak they obtain 15.7 mb/sr. MéV and 16.7 mb/sr. MeV respectively. They
state that the energy spectra observed agree with the calculated spectra.

At the UCLA spiral-ridge cyclotron York et al, 2 introduced a heavy water target into the cy-
clotron to obtain a monoenergetic neutron beam of 50 MeV. At a distance of 3.5 meters from the
internal target they measured a neutron beam intensity of 105n/<:m2 sec. The authors do not
quote the proton beam intensity, but mention that its maximum was 10.0p.A. The ene'rgy spread
at full width half maximum was about 4 MeV. Batty et al. 25 discuss the most suitable monoen-

ergetic neutron sources at 30 and 50 MeV. Tables in their report (included here as Tables II

observe a total deuteron production cross section



el

and III) compare the neutron cross aect1ons and the spectra from d1fferent (p,n) reactions (F1gs.
8 and 9). The " cleanest” and most intense beams are obtained w1th a tritium target

According to Batty, at higher proton energies Li and D still seem to be a suitable tai'get ma-
terial for a rﬁonoehergetic neutron beam. However, according to the neutron spectra given by
Moyer for 100-MeV protons on Be the neutron energy peak is rather broad, even at 0 deg (Fig. 10).
The low-energy neutrons are much more abundant when Be is usgd instead of D or Li. '
The 3I—I(d h) 4He Re.a'ctio'n

This is one of the most suitable reactions for obtalnmg a monoenergetic neutron beam in the

region of 14 to 18 MeV, 26 The reaction cross section is 'still high for 10-MeV deuterons (24 mb/sr) -

giving a neutron beam of about 27 MeV. However, at this energy, tertiafy reactions also can take
place--for example, D+ T -~ n+p+ T and D+ T - 2n + 3He. The ncutrons'lfrom these reac-
tions have a much lower,ehergy than in the reaction leading to an « particle and a neutron. The
total neutron cross section for 6-MeV deuterons is about 60 mb/sr and for 14-MeV deuterons it is
about 300 mb/sr at 0 deg. Most of the neutrons produced by 10-MeV deuterons on tritium thérg-
fore have energies much lower than 27 MeV., There is'a second peak at about half the dueteron °

energy.

Estimation of Dose Rate in 30-MeV Neutron Beam Produced by Dip, n)zp Reactions

For an estimation of the dose delivered by 30-MeV neutrons, we make the féilowing assufnp- '
tions: ' ) . ) . ' ‘
1, '2X108n/cm2 = 1 rad (Irving et al.: 2 ~'108n/crn2 = 1 rad).
2. Cross section for the D(p, n)Zp reaction’ 40 mb/sr. . :
3. Proton current = 100 pA(i.e., 6 25X 10 protons/sec = ¢).
4

D target th1ckness = 0.1 g/cm (or 4 MeV energy loss for 30- MéV protons).

22

Number of D2 atoms in target (6.023 X1023/2)X0 1 D atoms = 3.0X10°“ D atoms/c'mz;

Therefore

225 40% 10727 x 6.25x101% = 7.5x 10! neutrons per sec sr

neutrons/sr sec = Ng¢ = 3X10
or = 1012n/sec sT.
At 3 meters the neutron flux and dose rate are:

(a) ® = (1012n/secv sr)/ (300 cm)2 = 107 n/‘crn2 sec; ‘
(b) dose rate =10" nv/crn2 sec + 2X108n/cm-2_ rad = 0.05 rad/sec, or 3 rad/min.

v About 5 to 10 times this dose rate can be obtaihed from neutrons produced by deuteron strip-
ping, aséuming a cross section of 300 mb for D, Li, or Be and a deuteron beam of SO_to 100 A, -
The main disadvantage with this type of neutron beam is the significant dose from the many lower-
energy neutrons that accompany the stripped neutrons. This dosge is of the same order of magni-
tude as the dose from the 30-MeV neutrons. )

We can calculate the energy distribution of the neutrons produced by a 60-MeV deuteron beam
ona Li or Be target. If a target thickness equivalent to 3 MeV is assumed, it will be small in _
comparison with the full width at half maximum of the neutron spectrum at 20 MeV (30£10 MeV).
With this target thickness (100 mg/cm2 = 3 MeV) and a stripping cross section of 300 mb, we

would expect:

neutrons/sec =oN® (protons/sec 3X10-25X6.7X1021>\'6.25X 1014 = 1.3X 1012neutrohs/sec;



Thé angular distributiorl: of these neutrons would be
. ’ 2
= X -
£(g) = £(0) X exp(-0/P)
where
b—iS(ZZ/E)/ (ZXm)/;

therefore the width w of the distribution = 0. 24 radian. . - o o d »
We have = 7.0X 1011 neutrons/sec which are emitted into a cone with an open angle of O 48
radian. ‘At 3 meters, the area extended by . thls cone is
A= ‘rrrz, .
_ > 2 4 2
A = (300 cmXO 24)"mw =1, 8X10 cm
therefore; the a.verage flux density is ‘ : v
1. 3)(10 n/sec + 1. 8>(104 cm2 £ 7)(107 neutrons/cm2 sec,

or a dose of:0.35 rad/sec or 20 rad/min.’

CONCLUSIONS _ o

Presently availéble accelera..tors can produoe By (n,p) reactions neutrons with fairly good
energy resolution-~-a necessity for biological experiments and rﬁedical applications.. For such’
beams, the dose dehvered to the center of a 30-cm-thick tissue slab is. reasonabl}r large compared
with the surface dose. However, the maximum dose obtained in such a beam, 3 meters down-

. stream from the target, is low for many exper1mental and medical apphcatlons . Dependmg on
the type of exposure, the requirement for a reasonably large distance between the irradiation site
and the target may be relaxed. For many applieati‘ons, ‘a strong magnetic field for sweeping away
the charged‘ particles‘and space for 6 to 8 feet of shielding material between the neutron target
and the irradiation site is necessary. For high neutron intensities, the broad ehergy distribution
of the neutrons from deuterons interacting with light target elements might be an acceptable com-
promise. Dose rates of nearly 5 to 10 times as high might be obtained.

The presented estimations, which are based on available information, should be verified with -
measurements of the _neutron spectrum and yield for a given practical situation. This is neces-
sary since there is not a large margin with respect to intensity. : v

At the LRL 88-inch cyclotron an experiment ut111zmg a LiD target and an mtense 60-MeV’
deuteron beam could be performed with only modest requests for machme time (= 10 shifts). The
neutron spectra apd yield information would be obtained with neutron- -activation threvshold detectors.‘
Our ‘estimates vhav\.r'e shown that neutron beams with sufficient intensity for biological and medical -

appiications can be produced with existing accelerators, particularly when.some of the require- . » 'Y "‘
‘ments for rnonoch'rOmatic neutrons are relaxed. ' '
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Table I Charactensttcs ofthe neutron beams Jor energies of 80to 150

Energy - Solid " . . Intensity Cross _Energy Low—
(MeV) . - Angle (2.6x1 0% Section Width Energy
o (sr) D atoms) (mb/sr) of Peak Tail

o (MeV) (%)
150 © . 1.Bx107Y . 4x10%*n 30 6 ' 16
140 ' : _ 6 . 32
s . 1 . 28
80 10**n 10 19

Table 1[ Neutron energy spectra produced at 0 deg by 30— MeV protons (from
Batty et al, Ref 25)
Neutron peak o v — -
Background within energy region (%)
. Cross “Width ’ )

Target section (fwhm) Energy interval (MeV)

mate— (lab) . » .

rial (mb/sr)- (MeV) .0-5 5-10 10-15 15-20 " 0-20
D 400 . 205 6 26 27 - 30 89
T 485 12 1 9 19 26 55
i 2rr 105 9 12° 20 3 - m
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" Table 111 -Neutron energy spectra produced at. 0 deg by 30 MeV protons (from

Batty et al Ref 25)

Neutron peak

Width

Background within energy region (%)

Energy interval (MeV)

14

. Cross.
Target section (fwhm)
. mate— (lab) ’
rial (mb/sr) (MeV) 0-5 5-10 10-
D 362 25 1 13 13
T - 442 23 1 7
7Li 35.2 1.6 7 10 19
9Be 20.0 1.6 81 38 . 34
100 - 1.0
I
80 —
Recoil 10!
_ protons
60
- ;
& s
R § 3
2 o2
s g
- 40 — — o
3 ‘5
3 3
g b4
1073

o o 20 - 30

Energy (MeV)

Fig. 1. The percent of absorbed dose con-
tributed by the different processes of energy’
loss from a beam neutron incident upon tis-
sue. (XBL708-3594)
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Flg 2. Total neutron yields from deuteron
bombardment of thick Be and Cu targets (re-
produced from Ref. 28; also see Ref. 32).
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Fig. 4. Spectral yield of neutrons at 0 and
30 deg from a thick betryllium target per in-
cident 50-MeV deuteron (from Ref., 12, using
data from Refs. 6, 7, 15, 16, and 29-31).
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Fig. 5.
trons accordmg to Serber's formula,
(BGXE )1/2
"m(E)E = 7z dE ,
Tr[E-1»/2EO +deE0

with Bd = binding energy of deuterons
= 2,2 MeV, _
E = incident energy of deuteron

= 50 MoeV.

This holds up to a factor of (BdXEO/Z)1/2
identical to a student distribution whlch is’
given by

f(t/v) T[(v+1)/2] X(1+t / v) [(v+1)/2
T(v/2)NvT
where v, the degree of freedom =1;
t=(x-p)/8;8 = B ¥E, and p = E /2
' (XBL708 3598)
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Fig. 6. Total neutron spéétra from the
bombardment of a thick Be target with .
60-MeV deuterons. © (XBL708-3599)
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Fig.': 7. Neutron-spectra at different angles
from the bombardment of a thick Be target

with 60-MeV deuterons. - . (XBL708-3600)
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from T and 7Be targets bombarded with
30-MeV protons. The energy scales have
been adjusted so that all the peaks coincide
and the neutron energies are referred to by
the peak p051t10ns (Reproduced from
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Fig. 10. D1fferent1a1 cross sectlons
d2 ¢/dQdE for neutrons produced by 100-MeV
protons on Be (from Ref. 12).
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- Fig. 9. Neutron spectra observed at 0 deg
from T and 9Be targets bombarded with

50-MeV protons The energy scales have -
been adjusted so that all the peaks ‘coincide
and neutron energies are referred to by the
peak position. (Reproduced from Ref. 25.

(XBL708- 3602)‘



k7

Fa4
i

“

LEGAL NOTICE

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




P

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





