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. 'mof Jlas musculus is geently affected by strong sun- literarure, new maps, and illuseeations, it is an invalvable publi-
Even when all heat-rays have been screened off; and the | cation to geographers,
B the same for rays from all parts of the spectrum. ‘A SERIES of sixteen reproductions of photographs obtained by
Rrificial ‘lights, such as the electric light or incandescent | . - of Rontgen rays, together with text (in Japanese)’
Bt like sunshine when concentrated on the animals, but explanatory of the methods by which they were obtained, has
5 effect wwhen merelyused to light a room. (4) The light [ por- veceived from Prof. V. Yamaguchi and T. Mizuno, of Tokis
Feissler’s tubes has no effect. () Rontgen rays -have no University. The photographs are much less distinet than those
gou the quantity of CO, eliminated from the animal, what- | Jpoined since the introduction of the focus tube, but they
pe the conditionof the latter ; that is, whether fasting or after nevertheless show that Japan means to keep in the van of
B whether previously kept for several hoursin darknog, scientific progress. :
: 1""?"' () What was Obmrvfd A e:;c‘hhof Lh.e s": <A CONTRIBUTION toithe theory of warning éolours and mimicry
4 ‘,‘?‘Pe”me"ted o strong e NS cox?.tm: e:l appearsin the /fournal of the Asiatic Society of Bengal {vol. Ixs-
veral hours after the AR Ll Iéc?flrgea et f: Part fi. No. 1, 1806). Mr. Frank Finn, Deputy Superintendent
. The moles, 'after beldegexposed ok ontgendrays I; of the Indian Museum, has tested the Taste of the common
'," XA al?om I ROE OO0 i excu-cd w:\y:b:;n wouh garden lizard of Indin (Culotes veryicolor) for various tnsects,
fat:.. (7) This excitement Prof. Capranica ateributes to t! de and especially for butterfiies protectively coloured and plain.
LA Rontge_n ayE Expeﬂm?nlif 57 co! " | Mr. Finn thinks the behaviour of the reptiles at liberty does not
e animals {Coranelia) give, as. yer, no appreciable results. afford support to the belief that the bucterfiiss, 2t any rate,
- meteorological and astronomical work accomplished | usually considered nauseous, are distasteful to them.
895 inthe Observatory of the Mersey Docks and [Zarbour WE understand that the next instalment of the « System of ,
id, are stated by Mr. W. E. Plummer in a repoct just | Medicine,” which Prof. Clifford Allbutt is editing for Messrs. =
red.. Appended to the general tables is a catalowrue and Macmillan and Co., will deal with Gynzecology, and will appear o
$discassion of all the gales of wind that have been auto- in the course of September. Dr. Playfair is associated with :
ally recorded with velocities equal to, or exceeding, GRy | Prof. Allbutt as editor of this volume, which, though niform
&ter hour.  Several interesting points are Leought out by | wich the sysrem, will be tomplete in itself. The sacond volume
alogue. It appears that the average length of a storm ac f of the “ System of Medicine proper may be expected by the
'-'I, as defined by the condition that the wind velocity - end of the yerr.  Messrs. Macmillan and Co, will also shortly
fexceed fifty miles per hour, is abour six hours ; while the * issue 2 work on ©* Deformities,” by Me. A. H, Tubby., It is o
foe number of stormy hours in a vear does not greatly | comprehensive treatise on orthopedic surzery, and is fully
e sixty.  With regard to the time of year in which these | illustrated by two hundred original plates and fgures, and notes
nces occur, general experience points to a connection i of one hundred cases. ;
them aad the abserved temperature. This agreement | THE fune number of the foarnal of the Chemical Society is
Kty clearly shown by Mr. Plummer in a diagram baving a | _ e BT - ‘
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Radiological Use of Fast Protons

ROBERT R. WILSON
Research Laboratory of Physics, Harvard University

Cambridge, Massachusetts

M XCEPT FOR electrons, the particles

[, which have been accelerated to high
gtiergies by machines such as cyclotrons or
Van de Graaff generators have not been
directly used therapeutically. Rather,
the neutrons, gamma rays, or artificial
radioactivities produced in various reac-
tions of the primary particles have been
gpplied to medical problems. This has, in
large part, been due to the very short
penetration in tissue of protons, deuterons,
gud alpha particles from present acceler-
gtors. Higher-energy machines are now
under construction, however, and the ions
from them will in general be energetic
gncugh to have a range in tissue com-
jparable to body dimensions. It must have
:accurred to many people that the particles
themselves now become of considerable
therapeutic interest. The object of this
{paper is to acquaint medical and biological
workers with some of the physical proper-
ties'and possibilities of such rays.

To be as simple as possible, let us con-
gider only high-energy protons: later we
£an generalize to other particles. The
accelerators now being constructed or
Pplanned will yield protons of energies above
125 Mev (million electron volts) and per-
thaps as high as 400 Mev. The range of a
125 Mev proton in tissue is 12 cm., while
that of a 200 Mev proton is 27 cm. It is
glear that such protons can penetrate to
any part of the body.

The proton proceeds through the tissue
g-h very nearly a straight line, and the tissue
18 jonized at the expense of the energy of
tthe proton until the proton is stopped. The
dosage is proportional to the ionization

! Accepted for publication in July 1946.

per centimeter of path, or specific ioniza-
tion, and this varies almost inversely with
the energy of the proton. Thus the specific
ionization or dose is many times less where
the proton enters the tissue at high energy
than it is in the last centimeter of the path
where the ion is brought to rest.

These properties make it possible to
irradiate intensely a strictly localized
region within the body, with but little
skin dose. It will be easy to produce well
collimated narrow beams of fast protons,
and since the range of the beam is easily
controllable, precision exposure of well
defined small volumes within the body will
soon be feasible.

Let us examine the properties of fast
protons somewhat more quantitatively.
Perhaps the most important biological
quantity is the specific ionization, or num-
ber of ions per centimeter of track. This
quantity is not difficult to calculate. The
results of such calculations are shown in
Figure 1, where the range of protons in
tissue is plotted for protons of various ener-
gies. In the same figure, the specific ioni-
zation is plotted as a function of the range
in tissue. For purposes of calculation,
tissue has been assumed to have the molec-
ular formula (1): Co.sHsO3sNo.14, and to be
of unit density, i.., 15 per cent protein
and 85 per cent water. The calculations
can be easily extended to other materials
and densities.? The accuracy is perhaps 5
per cent. However, exact values for var-
ious tissues can be quickly measured as
soon as the fast protons are available.

Figure 1 shows, for example, that if we
want to expose a region located 10 cm. be-

* The range of a proton in air in meters is given by the convenient formula R = (E/9.20) ' where the energy is
xpressed in Mev. The range in tissue is 1.11 X 10~* times the range in air. The stopping power of other sub-
Stances may be found in Livingston and Bethe: Rev. Mod. Physics 9: 246, 1937. The physical calculations of
this paper will be submitted to the Physical Review for publication.
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gillionths of an erg, each proton loses 48
millionths of an erg in the last centimeter.
Hence, to produce 1 r.e.d. averaged over
the last centimeter of depth requires
83/48 X 10° = 1.72 million protons per
gquare centimeter. To produce 1,000
r.e.d. will require 1.72 billion protons per
gquare centimeter. This corresponds to a
dtirrent of 2.75 X 10~ amp./cm.? of pro-
tons for a one-second exposure or 4.6 X

nical and consider secondary effects. First,
the energy loss of the proton is a statistical
effect due essentially to the production of
ions along its path; hence, not all protons
of the same energy will stop at the same
distance beneath the skin. This effect is
called range straggling and is easy to cal-
culate. The results of such calculations
can be summarized by saying that the
longitudinal width in which most protons

PERCENTAGE DEPTH DOSE

o 2 4 6

16 18
DEPTH, CM.

Fig. 2. The dotted curve shows the relative dose due to a single 140 Mev proton. The full
curve shows qualitatively the depth dose curve for a beam of 140 Mev protons in tissue.

10~ amp. /cm.?for a ten-minute exposure.?
The machines now under construction
should have little difficulty in producing
such currents. In fact, it is expected that
they will yield currents millions of times as
great. It will be simple to collimate proton
beams to less than 1.0 mm. diameter or to
expand them to cover any area uniformly.
&t us now become a little more tech-

. ¥ More generally the r.e.d. at a point x cm, below the
Surface is given approximately by the formula

red. = 4.8 X 10°

jt
®=xp@
Where R is the total range of the proton in tissue in
om.,, j the current density or protons in amperes/cm?,,
and { the exposure time in seconds. The formula is not
fccurate in the last millimeters of range.

come to rest is about 1 per cent of the
initial range.* The effect of this on the
depth dose curve is qualitatively shown in
Figure 2. As a result of straggling, the
full curve obtains instead of the dotted
one.

A second effect is due to the many small

4 The protons come to rest so that the distribution of
(R—z)?

their end-points is given by P(x)dx = = €™ Rigi 0¥,
av/w
where x is the distance below the surface, and « is

given by
7.1 ( NZgR\ 0.0
ST ERA\TE,
where N is the atoms per cm.?, Z is the atomic number,

£ is the ion charge number, Eq is the rest energy of the
ion in Mev, and R is the range in cm.
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L. Li+4+ y+0.48 MeV
Other reactions: “N(n.p)*C,H(n, 7)D
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Tajima & Dawson. Physical Review Letters 43:267, 1979
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Feature of laser driven proton accelerator
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Thank you for your kind attention.
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