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1. Introduction

The high failure rate for cancer therapy is a well-known fact. Difficul-

ties inherent in radiotherapy include the problem of including all microscopic

neoplastic extensions within the treatment volume. Even if it were possible to

define the location of these "fingers" of growth with the requisite precision,

normal tissues within the treatment volume restrict dose which can be delivered.

Also, it is well known that imprecise beam alignment (due to human error as well

as equipment failure) over the multi-treatment course of fractionated

radiotherapy can result in exclusion of some diseased areas from the treatment

volumer Another possible problem is the radioresistance of hypoxic cells as

well as temporarily non-cycling cells in the "latent pool."

The development of various particle beams for radiotherapy represents an

attempt to improve dose distribution, and at the same time if possible, to pro-

vide high LEX radiations which are less sensitive to ambient physical and

radiobiological factors such as oxygen tension, cell cycle, and dose rate. In

general, a compromise is necessary as effective RBE is reduced in order to

spread the dose distribution over the anticipated tumor volume (1). Ideally, it

would be desirable to direct cytotoxic agents to tumor cells via some specific

physiological mechanism. The approach of delivering stable non-toxic isotopes

to tumor, and then activating these atoms subsequently via an external radiation

beam has major advantages. In the first place, problems associated with high

uptake of these isotopes in competing cell pools (such a bone marrow and g-t)

are obviated in so far as these tissues can be excluded from the radiation

field. Secondly, the general tumor volume can be included in the treatment

field of the activating beam; thus the possibility of including all the micro-

scopic extensions of tumor growth is vastly improved. As long as the normal tis-



sues supporting tumor show a low uptake of the isotope to be activated, and as

long as the range of the reaction products is short, dose will be restricted to

tumor, with a consequent high therapeutic ratio. Neutron Capture Therapy (NCI)

is generally carried out by activating boron-10 with low energy neutrons. The

range of the high LET, low OER particles from the B(n,a) Li reaction is </10y,

or one cell diameter, a situation that is optimal for cell killing.

2. Comparison of Particle Beams

An extensive comparison of the various particle treatment beams has been,

carried out by comparing merit factors M evaluated on the basis of effective

dose to tumor relative to that delivered to normal tissues in the incident beam

(1). The ratio of effective doses (D) was obtained by multiplying the ratio of

RBEs (R) (peak/plateau, or tumor/normal tissue) times the ratio of absorbed

doses (A) (peak/plateau, or tumor/normal tissue), so that

M(l) - D - R x A

A second merit factor was evaluated incorporating the effects of high LET

radiations, as represented by the Oxygen Gain Factor (0).

M(2) =» R x A x 0

The Oxygen Gain Factor 0 is used here to represent the potential £ain to

be derived from radiation insensitivity to ambient physical and radiobiological

parameters such as dose rate, oxygen tension, and cell cycle.

A third merit factor was evaluated incorporating a factor representing the

ability of the radiation to restrict dose to tumor volume. This dose localiza-

tion factor was called L. A maximum value of L=3 was assigned to NCT and Photon

Activation Therapy (PAT), both of which have the potential ability to automati-

cally localize dose on a cellular (10y) level. The magnitude of 3 assigns a

value to cellular beam alignment which is the same as is given to an OER of 1



(i.e., OER and beam alignment are each weighted equally). Neutrons, which are

difficult to collimate and give dose distributions similar to photons, are

assigned L =» 1, (i.e., given the same value as conventional photon beam

irradiation). Protons, heavy ions, and pions were given an intermediate vales

of 1.5. Thus,

M(3) = R x A x O x L

Results jjor 4 cm depth are shown in Table 1 (taken from ref. 1). NCT was

evaluated on the basis of 35 ug B/gram tumor, and a ratio of concentration in

tumor relative to normal tissue of 3/1. These values are representative of

those found in current clinical trials in Japan (2,11). The high merit factors

obtained for NCT with an epithermal neutron beam is a result of the improved tis-

sue penetration provided by such a beam, as well as the high RBE, low OER, and

selective localization of boron in tumor which should be available with NCT.

Photon Activation Therapy (PAT) is a technique in which dose to cells is

augmented via exchange of thymidine with iodinated deoxyuridine (3) and will not

be discussed here.

Table 1 serves to illustrate the high potential of NCT for improving

radiotherapy. Realization of this potential will depend upon the availability

of a suitable vehicle for transport of boron to tumors. An evaluation of boron

compounds used in the past and of others currently under investigation is the

subject of the following 3 sections.

3. Compounds Previously Used in NCT

Previous clinical trials of neutron capture therapy in the U.S. were

carried out at Brookhaven National Laboratory, and at the Massachusetts General

•Sections 3, 4 and 5 were taken in part from Ref. 4.



Hospital and MXT, in the period between 1951 and 1961. Water soluble compounds

were used which do not localize in tumor (sodium borate, sodium pentaborate,

paracarboxyphenylboronic acid, and sodium perhydrodecaborate). The operational

assumption was that the blood—brain barrier would exclude these compounds from

normal brain during the treatment of brain tumors. Clinical efforts were

terminated in 1961, as survival was not prolonged following NCT.

The consensus was that three major problems contributed to poor results:

a. High blood concentration; measurements indicated that B concentra-

tion in blood exceeded that in tumor ( B ratio* =0.5 to 0.8). \

b. Poor neutron penetration; the exponential attenuation of the thermal

neutron beam used (half-value layer 1.5 cm) made it difficult to treat

tumor at depth, particularly with high blood-boron concentrations in

surface tissues. Viable tumor was found at depth following NCT.

c. Normal tissue radiation tolerance was exceeded for surface tissues as

evidenced by clinical results as well as dosimetric measurements

(5,6,7).

4- Na2Sl2HllM

Improvements have been made in the ratio of B in tumor to B in blood

( B ratio) following cessation of NCT in the U.S. Also, improvements have been

made in neutron flux-density distributions.

a. Blood concentrations have been reduced relative to tumor concentra-

tions through the use of a "2nd generation" compound,

developed at the Massachusetts General Hospital in Boston. Average

B ratios are reported to vary between 1 and 2 (8,9).

* B ratio is defined as the ratio of boron concentration in tumor to that in
normal tissue (in this case blood).



b. Improved depth-flux distributions have been achieved through the use

of an epithermal neutron beam which uses tissue as a moderator to gen-

erate thermal neutrons at depth (10).

Clinical trials of NCT have been in progress since 1968 in Japan under the

direction of Dr. H. Hatanaka. To date approximately 35 patients have been

treated with B..H. .SH and a thermal neutron beam. There are some apparent 8-9

year "cures," and on the average, an extension of average survival by a factor

of approximately 3 (ref. 11).

5. Hew Compounds

We believe the full potential of NCT will be expressed with 3rd generation

compounds exhibiting selective binding to tumor, biological half-lives in the

order of days, and a consequent 6 ratio (concentration in tumor/normal tissue)

of ̂ 10. Vigorous efforts are currently under way, mainly in collaboration with

others but also in our own laboratory, to develop such moieties. A number of

biomolecules have been shown to produce selective and high accumulations in

tumor. These are described, below; the synthesis of borated analogs of all of

these compounds have been described in the literature. Efforts are in progress

to obtain and test these borated analogs.

5.1 Chlorpromazine (CPZ)

CPZ, as well as other N substituted phenothiazines, is known to bind

to the pigment melanin in melanoma. Studies with CPZ in animal models of

melanoma have shown that the biological half-life is ̂ 10 days, that tumor/tissue

concentration ratios vary from >/*15 to 100 and that concentrations are adequate

for therapy, assuming the borated analog behaves the same way (12). Studies in

Japan with the borated analog have demonstrated tumor regression with tumor

models in hamsters, and physiological binding and enhanced response to neutrons



in single cell cultures (13,32). Synthesis of the borated analog is described

by Nakagawa (14). Efforts to synthesize this compound in the U.S. have so far

been unsuccessful.

5.2 Thiouracil (TtO *

TU is thought to be a false precursor in the biosynrhetic pathway of

melanin. Studies have demonstrated a biological half-life in the order of days,

and a concentration in tumor 100 times greater than that in other tissues. Con-

centrations adequate for therapy have been easily obtained (15). Since there is

no significant binding to pre-formed melanin (such as exists in choroid), treat-

ment of primary ocular melanoma (as well as other sites) may be possible. A

boirated analog of uracil has been described by Schinazi (16).

The differential and absolute distribution of this compound is the

best of any we have investigated to date. Uptake in various tissues is

prasented in Table 2, along with projected boron concentrations in tumor

assuming the borated analog described in ref. 16 behaves the same way. No

toxicity was observed; it is estimated that only J*10% of the binding capacity of

melanin for TU has been used at the highest doses given so far (125 ]ig TU/g body

weight) (15).

5.3 Porphyrins (TPPS)

The selective accumulation of porphyrins in tumor is the basis for

photoradistion therapy with red light, currently being practiced clinically.

The utilization of meso-tetracarboranylporphyrin in conjunction with NCT would

alleviate those problems encountered with photoradiation therapy that result

from the rapid attenuation of red light in surface tissues. The substitution of

cairboranes in place of the 4 phenyl rings in tetraphenylporphinesulfonate (TPPS)

ss described by Haushalter (17) produces a relatively large molecule which is



58% by weight boron. This fact in conjunction with the substantial amounts of

TPPS found in a variety of tumors (18) would provide abundant amounts of boron

for NCT. Further, since all tumors appear to take up TPPS, its applicability

would in principle be universal, while that of CPZ or TU is restricted to

melanoma. Distributions of TPPS which we have measured in our tumor models and

given in Table 3.

It has been suggested that substitution of borazine rings instead of

carboranes for the phenyl groups would result in an analog more closely

resembling TPPS (R. F. Porter, Chemistry Dept., Cornell Univ.; personal

communication).

5.4 Amino Acids

Amino acids are of inherent interest since proteins comprise J*15% of

tissue, and turnover is rapid. Thus, if borated analogs will form peptide

bonds, a vast pool of sites exists which should allow a concentration of boron

adequate for therapy. Unless tumors demonstrate significantly increased protein

synthesis relative to surrounding normal tissues, amino acid analogs would be

useful primarily for NCT of brain tumors. Of the various amino acids, glycine

shows the slowest transport across the blood-brain barrier (19).

14

Initial studies with C labeled glycine in our murine melanoma re-

veal a tumor/brain ratio of J*10, and a tumor/blood ratio of -/"5. If the borated

analog behaves similarly, the latter compound would be a significant improvement

relative to the Na.B.-H.-SH currently in clinical use (tumor/brain ratio =5;

tumor/blood ratio between 1 and 2). Following a synthesis similar to that

described by Spielvogel (20), a borated analog of glycine (H-jNB^COOH) has Seen

produced by the Callery Chemical Co., Callery, PA; exploratory experiments are

under way using material obtained from them.



5.5 Hueleoaides

Work is under way with Dr. Raymond Schinazi, of Emory University, to

evaluate the possible efficacy of a borated analog of iodinated 2'-deoxyuridine

(IdUrd) (16). Both IdUrd and dihydroxyboryldeoxyuridine (B(OH),dUrd) are ana-

logs of thymidine (Tyd). The incorporation of such an analog directly into DNA

should have substantial promise, since enhanced biological efficacy may be

125
obtained, perhaps analogous to that observed with I labeled deoxyuridine.

While only 1% of body tissues are nucleic acids, turnover is rapid, and </"20

grams of DNA are synthesized in man per day. Our data indicates that if

B(OH).dUrd is as good an analog of Xyd as is IdUrd, replacements of Tyd in DNA

sufficient for NOT will be easily accomplished. A rather extensive analysis has

indicated that it should be possible to treat brain tumors with analogs of Tyd,

as tissues of CNS do not synthesize DNA (21).

5.6 Antibodies

Initial studies by Mailinger (22) and Hawthorne (23) demonstrated

that both boron substituted amino acid analogs and polyhedral boranes could be

bound to antibodies. Both groups, however, achieved only low boron levels (0.3

and 0.2%). Later studies by Sneath et al. (24) encountered difficulties with

solubility. This problem was subsequently over come through the use of a water

solubilizing gluconamide group incorporated covalently onto a protein-binding

functional group (Sneath, 25). Best results (1100 boron atoms per IgG molecule)

were obtained with the phenyl isothiocynate functional group, which couples to

the protein's free amino groups via thiorea coupling. Thus, approximately 100

boron cages were bound to amino groups on the IgG molecule. Retention of anti-

body activity and specificity was not evaluated. Since the IgG molecule

(^150,000 daltons) has only •/'lOO free amino groups, the virtually complete conju-

8



gation of these sites might adversely affect antigen binding activity and/or

specificity.

5.7 Steroids

A number of reports have described the synthesis of borated steroids

for possible use for NCT (26,27). To date however, it is not clear whether re-

ceptor site concentrations will be high enough to allow boron accumulations ade-

quate for NCT.

6. Prompt-y Boron Analysis Facility

As noted above, attempts are under way to evaluate borated compounds

currently in clinical use for NCT (Na^^Hj.SH), and to develop new "3rd

generation" compounds which demonstrate physiological binding to tumor. In

order to proceed in this work, it is mandatory to have a reliable and sensitive

method for trace boron analysis (1-100 ppm). Atomic emission/absorption

spectrographic measurements are expensive, and not well suited to the various

boron cage compounds (boron hydrides, carboranes) as they are apparently

inclined to vaporize; wet chemical colorometric techniques are tedious (1-3

days) and again show variable efficacy when confronted with boron cage

compounds.

In an effort to bypass these problems, a prompt-Y boron analysis facility

has been developed, where a sensitivity of 1 ppm (1 pg B/g tissue) is achieved

(see Fig. 1). Measurements take 5 minutes or less, so that multiple samples may

be evaluated. The dynamic range easily exceeds the range of interest for NCT

(t/*l to 100 ug B/g tissue). This provides additional flexibility relative to

colorometric techniques, where the dynamic range of from 1-5 pg B makes it neces-

sary to know the answer before the measurements can be accomplished. The above

facility was developed at the Brookhaven High Flux Beam Reactor (HFBR) using a



pencil beam extracted from the reactor via a quartz guide tube (̂ lO n/cm -sec).

Time on this beam was kindly provided to us by Dr. W. Kane. A diagram of the ap-

paratus is shown in Fig. 2. A similar facility is in use in Japan (2).

Successful application of NCT in humans will depend upon restriction of

dose to normal tissues, to levels within normal tissue tolerance. It is a

recognized fact that poor results in previous trials were due in significant

part to over-irradiation of normal tissues; the latter over-exposure resulted

from inadequate knowledge of boron levels in blood. Clearly future clinical

trials should only be carried out if precise information is available £e blood

concentrations at the time of (and during) irradiation. In pursuit of this end,

an "on line" prompt-y facility has been constructed at the radial tube of the

Medical Research Reactor (MRR), where it is anticipated that future clinical ir-

radiations will be carried out. Thus, we will not have to depend upon access to

a facility at some distance from the patient irradiation port, and blood-boron

levels can be determined within minutes after sampling, and can indeed proceed

during the course of irradiation if it is considered useful. The response of

this facility is shown in Fig. 3; it can be seen that background levels are

higher than those at the HFBR, as the beam is extracted directly from the core,

7 2
out through the radial tube (>̂ 10 n/cm -sec @ 100 kw) (Fig. 4). Nevertheless,

a sensitivity of *r5 yg B in 1 cm of tissue is easily available, thus provid-

ing a means for on-line monitoring of boron levels in blood during clinical ap-

plication of NCT.

7. Dose Distributions

Various neutron beams are available to provide low energy (thermal) neu-

trons for NCT. A thermal neutron beam is now being used in Japan for current

clinical trials with Na2Bi2HllSH# I m P r o v e d penetration in tissue can be

10



obtained through use of an incident "epithermal" neutron beam; the tissue itself

is used as a moderator to generate thermal neutrons at depth, thus sparing

surface tissues. Tumor dose distributions are shown for a thermal and an

epithermal beam, as a function of depth, in Fig. 5. Depth dose curves from a

1 and 6 MeV neutron beam are included for comparison.

The important characteristic common to the compounds described in section

5 is that they show physiological binding to tumors, so that the effective

half-lives for retention in tissues is in the order of days. This then relaxes

the requirement for intense neutron beams, as dose can then be delivered in a se-

ries of "fractionated" exposures. The possibility of utilizing lower intensity

neutron sources may permit the use of neutron beams with significantly improved

physical characteristics, as may be obtained with a scandium filtered (2 keV)

neutron beam (28). Such beams have been proposed for therapy previously

(30,31), and should have a depth-dose pattern similar to the epithermal beam

shown in Fig. 5. In principle, it should be possible to obtain filtered beams

with negligible tissue dose from fast neutrons. This follows since neutrons

with energies less than >/*10-20 keV do not have sufficient energy to produce ioni-

zation via hydrogen recoils in tissue (29). Thus a 2 keV beam should be capable

of producing an absorbed dose distribution similar to that shown in Fig. 5, but

without the concomitant hydrogen recoil dose to surface tissues.

Absorbed dose rates for various mixed field components from a thermal,

epithermal, and 2 keV beam have been presented in reference 4. While tumor dose

rates for the 2 keV beam are at present quite low (1.6 rads/hr) planned modifica-

tions should bring the effective dose rate up to </*100 "rem'Vhour (assuming an

RBE of 3.7 for the B(n,a) Li reaction). Thus useful intensities would not ap-

pear to be out of the question, particularly for fractionated treatments.

11



8. Advantage Factors

The ratio of tumor dose to the maximum dose delivered to normal tissues

represents the "advantage factor" (10). Clearly if the advantage factor is <1,

it is unlikely that tumor control can be achieved. As the advantage factor ex-

ceeds 1, the chance of tumor regrowth will diminish.

In an effort to evaluate relative advantages obtainable from the thermal,

epithermal, and 2 keV beams, advantage factors have been calculated from

absorbed dose distributions in reference 4 assuming a boron concentration in

tumor of 35 pg/g. This value is generally considered to be the minimum usable

for NCT, and serves as a useful reference point. Advantage factors were

obtained by taking the ratio of tumor dose at depth "x" to the maximum normal

tissue dose, wherever that occurred. In Fig. 6, the B ratio (rati.o of B con-

centration in tumor to that in normal tissue) is assumed to be 3, a value repre-

sentative of distributions found with Na-B.-H..SH. In Fig. 7 the 3 ratio is

assumed to be 10, which should obtain for the "3rd generation" compounds

described in sect. 5.1-5.7 above. For the 2 B ratios, the advantage factor

obtained for a thermal neutron beam, an epithermal beam and a scandium filtered

beam is shown as a function of depth in tissue.

The relative advantage afforded by beams with greater penetration such as

the epithermal or 2 keV beams is most easily seen at the lower B ratio (Fig.

6). This is a result of the high neutron densities delivered to surface tissues

with an incident thermal beam; normal surface tissue dose is consequently high

even when small amounts of boron are present. The advantage factor for the 2

keV beam exceeds that for the epi thermal beam at shallow depths in tissue be-

cause of the lack of fast neutron (hydrogen recoil) dose. The narrow scandium

filtered beam (2.5 cm diam.) used to obtain dose distributions in tissue pro-

12



vided relatively poor penetration at depth; it is anticipated that as the beam

diameter is increased, penetration will exceed that of the "epithermal" neutron

beam, since the average energy is higher. Ultimately then, 2 keV beam advantage

factors should exceed the others in Figs. 6 and 7 for all depths greater than

1-2 cm.

Other parameters operate on the advantage factors; increasing the absolute

boron concentration, as well as invoIking the high RBE of 3.7 for the

B(n,a) Li reaction, serve to dramatically raise the therapeutic gain- An exam-

ple of this is given ia Fig. 8, where relative effective dose to a 1 cm diameter

tumor containing 70 yg B is shown at 4 cm depth for both a thermal and an

epithermal beam. Tissue distribution studies with biomolecules described in sec-

tion 5 indicate that dose distributions indicated in Fig. 8 should in principle

be possible.

Another important radiobiological advantage may be gained by delivering

protracted or fractionated irradiations, in which the low LET component (such as

y-dose) is allowed to repair. A beam such as the scandium filtered beam, with

minimal normal tissue dose from high LET radiations, would be particularly well

suited to exploit this possibility.

9. Summary

Significant advantages may be gained by using the NCT procedure in conjunc-

tion with improved tissue penetration provided with epithermal or filtered

beams, and new compounds showing physiological binding to tumor.

13
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TABLE I

MERIT FACTORS FOR DEPTH IN TISSUE OF 4 CM

RADIATION

PAT (25)

NCT (Epith)

PIONS

HE IONS

C IONS

He IONS

PROTONS

PAT (5)

Ar IONS

FAST NEUTRONS

CO-60

NCT (th)

M (1)
R x A

2.5

1.8

1.8

1.7

1.6

!•?
1.4

1.2

1.1

0.75

0.75

0.65

RADIATION

NCT (Epith)

PAT (25)

PAT (5)

Ne IONS

PIONS

He IONS

C IONS

Ar IONS

NCT (th)

PROTONS

FAST NEUTRONS

CO-60

M (2)
RxAxO

5.3

5.3. •

2.7

2.2.

2.2

2.0

2.0

2.0

2.0

1.4

1.2

0.75

RADIATION

NCT (Epith)

PAT (25)

PAT (5)

NCT (th)

Ne IONS

PIONS

He IONS

C IONS

Ac IONS

PROTONS

FAST NEUTRONS

Co-60

M (3)
RxAxOxL

16.

16.

8.0

5.8

3.4

3.3

3.Q

2.9

2.9

2.1

1.2

0.75



TABLE 2

Thiouracil Vptaka in Hamster and Mouia

|ig Thiouraeil per Gram Tiaaue for Various Injected Doeea

Animal (

Mouse

House

llnmtcr

Doae
of TU

UR/R body wt . )

125*

2 5 "

25+

Tunor

302
1 43

46
1 7

Eye

0.56
10.05

Kidney

5.5
±1.0

0.73
10.08

0.49
10.06

Liver

6.6
10.5

0.95
10.10

1.0
10.3

Lung

5.8
10.6

0.89
10.12

Blood

5.0
10.8

0.95
10.11

0.12
10.03

Spleen

2.0
±0.4

0.35
10.09

Muacle

1.0
10.2 •.-..

0.14
10.03

0.1)
10.03

Drain

1.1
10.3

0.11
10.03

Thyroid

4.7
12.3

0.94
10.69

0.33
10.04

vn
26

4

0

Us/,,

.0

.0

.048

*5 ilnuua of 25 jig TU/g, ovory 6 liouro) aaerlficeil at 28 hour* (4 hours jioat lent I .p . inject ion) ,

" iliiun Hf » |ig T U / M yiiurltleuil nl Vi lmiir»| I,p. liijmulim.

doaa of 25 pg TU/gj aaertficcd «c 24 liourn| t .p . Injection.



TADLB III

tttraphenylporptilrio Saltonata Content in Various Vinsues

Junolanotte Melanoma, nM.0 fflco* Holanotio Itolanoaa T-fl Olloma, CDF Itatu" Walkar Carcinoma tut Sarcoaa Adciiocarcinow)
BALD Mica* Subcutaneous Introcranls l Spraguo-Dawlay Rat* ItALD Hica C57 Houns

Tumor

Xldnoy

Pancreag

Livor

Splcan-

Lung

lloart

Muscle

Skin

Drain

1 hour
li Ta

us
335

45

109

as

69

60

11

146

26C

46

100

72

75

27

12
11

152

325

93

SI

124

70

133

37

46

24

hours
12

126

265

23

70

143

165

90

5

67

19

24 hours

ii—nr
131

103

19

56

22B

91

07

as

140

17

62

167

10

79

115

132

25

95

. 76

21

12 hours
11 12

184

324

71

7a

ao

135

96

17

99

136

309

93

01

91

260

61

25

140

10

24 hours

45

114

60

41

99

01

24 hours

83

176

55

01

87

63

24 houra

119

88

0.9

44

42

73

20

1.4

1.6

0.4

lit

174

32

55

83

106

12

0

2.2

0

12 hours

00

47

0

Jl

76

0

0

0

19
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COUNTS PER CHANNEL iN UNITS OF 103COUNTS
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EQUIPMENT FOR 10B DETERMINATION

WINDOW EVACUATED TUBE

I BEAM
CATCHER

SAMPLESAMPLE HOLDER

Ge(Li) ' DETECTOR
WINDOWNEUTRON

BEAM

FIGURE 2



20

2

O

O

LL
O
(fi

16

12

LL)

i 8
<
x
o
UJ

a.
co 4
3
o
o

« ^ l25.8

MRR PROMPT- y FACILITY

'20.6

5llkeV

178 keV

175 180 185 190 195 200

CHANNEL NUMBER

205 210

FIGURE 3



MRR RAOiALTUBE

PROMPT- y FACILITY

BEAM
CATCHER

Ge
DETECTOR

J Li 2 C0 3

SLEEVE

LEAD
g;COLLIMATOR

1
1 2.5 cm
I BEAM

DIAMETER

61cm-

82 cm -

REACTOR FACE

yxxxxx
GRAPHITE PLU6

REACTOR
CORE

FIGURE



RELATIVE ABSORBED DOSE (NORMALIZED TO SURFACE
DOSE) FOR VARIOUS NEUTRON BEAMS

vs DEPTH IN TISSUE
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RELATIVE DOSE TO TUMOR AND NORMAL TISSUE
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