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SUMMARY _ : ASheet 2 of 56

(Do not exceed one page)
Summary :

.. A11 meson factory accelerator installations are planning to attempt:cancer
therapy with negative pion beams . However, reported data on the nature and
energy spectra of the heavy charged fragments eﬁit;ed following pion absorption
by the light nuclei carbon, nitrogen, and (particularly) oxygen are sparse,
ambiguous.‘and to some exient: contfadictory. More precise data are needed to
obtain a réal understanding of ény clinical effects that will be observed.
Additionally, in nuclear tﬁeory. more complete data on fragments from pion
absorption are needed to advance our understanding of thé structure of light
nuclei. ' _ :

Experiments are proposed to accomp]ish the f911owing objectives:

(l) Measurement of the identities and spectra of the heavy charged

- fragments ejected following negative pion absorption in the elements C, N,
and 0. Fragments of very low range (<50 mg/cmz),wiII be observed in a magnetic
spectrograph. The energy resolution achievable is approximately 4%, excliusive
of target thickness effects. Ve10city-dependent variations of fragment charge
states assist in removal of ambiguities. Fragments 6f medium range (50-800 mg/cmz)
will be detected in a range chamber. Here energy resolution is that correspond-
ing to 2 10 mg/cmz range interval., Data acquisition rates will be 1 to 2 events
per second, permitting duplication in a few hours of all préviously reported
heavy fragment data frpm piqn absorption on these nuclei. )

(2) ~ An autoparasitic experiment to measure the fractional capture ratios
of negative pions on the C, N, and 0 atoms in tissue samples. This eliminates
relfance on the questionable "ZTIaw" for pion capture and will supply needed
information to the radio therapist. Pionic X-rays will be used for this pur-

pose; the resulting precision is = 10%.
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Experimental area  Meson Area

Primary beam and target (Energy, energy spread, irntensity, pulse characteristics,
emittance)

Energy - 450 MeV

Energy spread - no intrinsic requirement
Intensity - 400 uA

Puise characteristics - 22.66 MHz repetition rate
Emittance - proton beam spot size 0.4 cm (no angle requirement)

Secondary chanmel Bio-Medical Channel

Secondary beam (Pariticle tupe, momeniwm range, mcmantum bite, soZi@ m?gle, apot
size, emittance, intensity, beam purity, target, special characteristics)

Particle Type - Negative Pion

Homenyum Range - 126 to 132 MeV/c

Momentum Bite - + 2.5%

Solid Angle - 10 msr

Spot Size - 3 x 3 cm '

Emittance - As obtainable from channé] with spot size requested
' 7 . (x' ~8mr, y' ~ 100 mr)

Intensity - 2.3 x 10" = /s

Beam Purity - e/n ¢ 20% (No other restrictions)

Target - following CH2 absorber

0.8 mg/cn? {carbon, Melamine
10.0 mg/cm2 Lﬁluminium. A1,04,
2 (Other)
1 g/cm Tissue Samples

1095193 COPIED FOP0132860.003




e : . S it 40f56

a) Scientific Value of the Experiment

The experiment has application to two entirely separate areas of scientific
interest: 1) the use of negative pions in tumor therapy and 2) investigations

in the structure of 1light nuclei. They may be conveniently considered in that

order.

1) NEGATIVE PIONS IN RADIATION THERAPY

The application of negative pions to the irradiation of deep tumors has been

~considered since ‘I95'l1'2 and has been a subject of steadily increasing interest

since about 19613 when serious'p1ans were first made for the construction of "meson

factory" accelerators. Public presentations4’5’6 and articles describing this con-

cept for both genera17 and specia'l8 audiences have appeared so frequently in recent

years that a detailed review would be gratuitous. In any event, all meson factories
now under construction-LAMPF, TRIUMF and SIN-are being planned to include a medical

radiation facility as an integral part of the beam area.

In common with all good medical practice, successful radiotherapy requires at
least as much art as science, and conmittment to a trial of negative pions for
radiation therapy of tumors is inevitable. Moreover, there are very positive
prognoses for the use of negative pions in therapy. Studies of the energy deposi-
tion 1n a water phantom indicate a particularly favourable dose profileg. In
addition, the work of Todd with heavy 1ons]0 and that of Rajun with weak beams of
negative pions on huhan T-1 kidney cancer cells suggests a high probability of
tumor destruction, even under the hypoxic conditions known to prevajl in tumors.

But it should be observed that the majority of studies on animal cell effects from
particles of high ionization density--that is, particles having linear energy trans-
fer (LET) in the vicinity of 1000 Mev-cmzlg--have to date been done with T-1 cells:
these cells can be readily grown and {rradiated in vitro. Many other types of cells
have been investigated in other contexts, but T-1 cells have been the principal
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subject of the cell studies that relate to negative pion effects.

The work of Howard-Flanders has'established the basic theoretical relation
between the dimensions of the radiosensitive volume of the cell and the "most
lethal value" of ionization density12. Cells of varying (radiosensitive) size
may reasonably be anticipated in both malignant and normal tissues. It is
eventually going to be important for the tumor therapy programme that the radia-
tion sensitivity of many types of cells be better understood than at present.
Perhaps more important than cell size, it will be necessary to‘understand the
metabolic processes existing between different types of cells in a living organism
and how damage to one type affects other types. If tumor destruction does accur
under negative pion therapy, as hoped, it would still be useful for the paramedical
worker to know the nature of the energy deposition in detail. Also, studies of
the effects of negative pions in human tiésue should properly encompass both somatic
and genetic effects in healthy individuals who are employed at the meson-producing
facilities, if the health physicist is to have the necessary information.

Such extensive studies of the radiosensitivities of specialized cell types
are extremely difficult and are unlikely to be done in the near future. Damage
to healthy cells can probably be safely estimated using the guidelines set forth
by the International Committee on Radiation Protection]3. The ICRP (in effect)

has specified a value of quality factor (formerly: RBE) as a function of LET.

The quality factor assumed is high and thus quite conservative. A more serious
difficulty arises in the therapy program. Some tumors are quite likely to be
radiation-resistant, possibly for rather complicated reasons related to the
metabolic processes cited. In other instances, side effects from the radiations
may be harmful to the patient. Comprehension of all effects, from the clinical
and paramedical points of view, together with the need for protection of healthy

personnel, will require that both of these things be known:

10931995 COPIED F(20122850.005
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(1) the relative proportion of negative pions that are captured on the :
various elements in tissue; ;

(11) the fragmentation (decay) modes from each of these elements that l
result from nuﬁlear absorption following negative pion capture--including branch-
ing ratios, particle species, and particle energy spectra.

The former problem turns out to bear on the latter, so it can be considered i
first. In 1947, Fermi and Teller postulated the "Z-law" for the relative capture
proportions of negative mesons on the nuclei in chemical compounds: their estimate
indicated that the capture probability per atom is proportional both to its atomic
number, Z, and to its population]4. It was also assuhed that, in hydrogenous com-
pounds such as hydrocarbons, the n~ or u-mesonic hydrogen atom would become a
small neutral particle and migrate until the meson was subsequently captured by a
nucleus of higher atomic number. Thus the absorption reactions:

- +p+1°+n
+y+n i
are not anticipated in biological tissue. Both of these assumptions have been
tested experimentally and the validity of the Z-law seems to be, at best, dubious.

A rather complete review, showing the failure of the Z-law for both pions and

15

muons has been presented by Kim ~, who stresses the importance of the nature of

the chemical compound on relative capture probabilities. In the matter of pion
capture on hydfogen. Ponomarev and Prokoshkin]6 point out that pion absorption
on hydrogen in a compound may not be as unlikely as originally supposed, if
molecular energy levels of the pion are taken into account.

Now, the actual ratios with which stopping pions are captured and absorbed
on the nuclei of atoms in biological tissue is central to the pion radiotherapy
program. Living tissue has the approximate composition C7N2H70032l7 (muscle

tissue is cited, but it is roughly representative of body tissues except for the

10931906 COPIED F(00132860.006
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skeletal portions); cancer tissue seems to be chemically indistinguishable]s.
The probable ratio for pion capture on each of the various elements, in the
1ight of the apparent failure of the Z-law, is somewhat uncertain--however,
oxygen is clearly the most important element in this regard.

The data on fragmentation modes resulting from pion absorption in oxygen
has been very difficult to obtain. A magnetic cloud-chamber study of fragmen-
tation modes following capture of stopped pions in the gases ethylene and nitro-
gen (and helium) was reported by Ammiraju and Lederman in 1956]9. This yielded
data for charged particle emission from C and N that are almost unambiguous with
respect to origin. (Oxygen gas, being paramagnetic, could not be studied by this
technique). One of the early emulsion experiments using Iiford G-5 nuclear
emulsions (composition: approximately C4NH802 . AgBrzo) yielded information

from 1038 stars from the 1ight elements C, N and 0, few of which could be absolutely

distinguished as to originZI. The positive identification of oxygen events in

emulsions remained a serious problem. In order to obtain more information for
tumor therapy, Perkins and Fow1er22, and later, Fowler and Maye523. exposed wet
(soaked) emulsions to pion beams (to enhance the oxygen fraction) and used cor-
responding dry emulsion data as a background for the wet emulsion events. The

two studies were reported in the same pub]ication23 and presented 1344 events which

were attributed to oxygen on the basis of the correctness of the Z-law. Soaking

the emulsion caused it to swell and thus induced some severe limitations on precise
observation of heavy recoils: nuclear fragments of charge greater than 1 could not
be distinguished, and there w;s no mass discrimination: protons, deuterons and
tritons were similarly undistinguishable from each other. 1In spite of these dif-
ficulties, an extremely careful and detailed analysis was done for each observed
event and particular care was taken to identify such heavy recoils as would be
assoctated with the (n ,2n) reaction and, especially, to compare the neutron
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multiplicity inferred from all events with that obtained from the independent

neutron time-of-flight study of Anderson, 33_51?4.

Criticisms of these data are stated reluctantly, but the following facts
need emphasis:

the number attributed to oxygen is based on background subtraction which

js in turn based on a Z-law for capture that may be invalid;

-- fewer than 1400 events from pion capture, presumeably on oxygen, have
been reported: these fall into a number of different categories and
the statistical uncertainty on the important categories is 10% or worse;

-- the event ratio for wet/dry emulsions never exceeded 2:1--implying a
“signal to background ratio” of 1:1 or less;

-- some charge assignments and most mass assignments are in some doubt;

-- o fragments up to about 50 MeV were reported but these should have been

observed by Castleberry et al and the latter group reported no helium

fragmentszs.

-- supplementary interpretation of the dry-emulsion events, assigned to 12C

and 14N capture, is not in good agreement with the virtually unambiguous

cloud-chamber datalg.

The comments above are not intended to impugn one of the more ingenious and
difficult nuclear physics experiments that has been performed with nuclear emul-
sions. The method itself imposes severe statistical limitations, and Fowler and
his collaborators did as much with the emulsion events as could be expected.

But, very few physics experiments have an extensive medical program based princi-

pally on their results. A peripheral difficulty that may be remarked is that the

24

data of Anderson, et al,”  are not in very good agreement with those of Hattersley,

gg_gl.zs especially in the high-energy region.

00132860.008
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The validity of the theoretical intranuclear cascade calculation of Guthrie,

et 21,7

could be tested only by comparing it to the Fowler/Anderson data--with
which its agreement is fair. The calculation predicted that a few percent of
deuterons and tritons (in relation to protons) would be emitted following pion
absorption on both 12c and ]60. The reality--as determined by subsequent
experiment--is that the ratio of proton: deuteron: triton emission is approxi-
mately 3:2:1 for singly-charged particles of high-energy?5 Clearly, much more
data--especially on the nature and spectra of intermediate-mass and heavy charged
particles emitted--is needed to develop a full understanding of negative pion

radiology. The proposed experiment is designed to obtain such information.

2. NUCLEAR STRUCTURE FROM =~ ABSORPTION

The behaviour of the pion, once absorbed by the nucleus, has been a subject
of speculation for some time. In 1951, Brueckner_et al discussed two-neutron
emission following absorption of a pion on an internal quasi-deuteronza. Ericson
has developed this idea, indicating why two-nucleon emission is favoured (indeed,
he asserts that single-nucleon emission is "“forbidden") on the basis of energy
and momentum conservationzg. The significance of the energy spectrum and angular
correlation of the neutrons in interpretation of the structure of a massive nucleus
30

js discussed by Cheon Using various assumptions, calculations relating to spectra

and angular correlation functions have been reported3]'35. Both (2n) and (np)
emission are considered although the former was theoretically expected to be
favoured over the latter by a ratio, R, which is about equal to 3 because of the
enhanced internal pairing of two unlike nucleons over that of two like nucleons;
outgoing nucleon kinetic energies should be ~ 70 MeV and the 2n or np pair should
havé its maximum correlation at about 180°., These predictions have, in the main,

36-38 39

been verified in both counter and sonic-chamber™” experiments, although the

measured value of the ratio R varies from about 3.337 to 5.136. and the n-n

1093199 COPIED 00132860.009
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37

angular correlation is somewhat different from that of the outgoing n-p pair
Neutron spectra from time-of-flight measurementszs'26 support the energy spectrum
calculations, as do the proton spectra otherwise obtainedza. But the high-energy
nucleons show anomalies in their energy spectra which have stimulated calculations

on the bases of more specific nuclear models: Sakamoto looked for effects from

14

nuclear distortion in ' 'N following n~ absorption4° and his model does not forbid

single nucleon emission. Spector, considering an ]60 target, also discussed the
effects of nuclear distortion on both the incoming pion wave and on the emitted
nucleons, and similarly found that single nucleon emission is possib1e4]. Nguyen-
Trung and Sakamoto have considered the internal correlation of the two nucleons
before absorption and its effect on the energy spectra of the emitted nuc]eons42

There are a few experimental data supporting single-nucleon emission by =~

absorption43, and some indirect support from observation of the (n+.p) react10n440

(It has been suggested by Kopaleshvili and Machabeli that interactions of nuclei
with absorbed stopped negative pions and with absorbed positive pions of about
100 MeV kinetic energy are very much alike45.)

The above theory and experiment are applicable only to high-energy nucleon
emission. The discovery of deuteron and triton emission from pion capture on 4He
by Schiff gg_glfs initiated considerable theoretical and experimental work on
absorption on “ o clusters” in light nuclei. The most complete theoretical
studies reported on helium jtself are those of Ammiraju and Biswas47 and Eckstein48.
Eckstein found a high probability for triton emission (~ 20%), in contrast to the
result of Ammiraju and Biswas, but in agreement with experiment46. Extension of
the model to include pion absorption on o -clusters in light nuclei has been the
basis of several theoretical studies relating to deuteron and triton emission

from 12C and ]6049'54. Cheon has also included the final-state interaction

between the two emitted nucleons when negative pions are absorbed on carbon55

1093200 COPIED 22132860010
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The extensive experiments performed with stopped pions in nuclear emulsions (where
lzc is a major constituent) have increased the interest in this nuc]eu556'63.

When adequate charge and mass discrimination was possible, emulsion studies have
tended to support the emission of deuterons, tritons, a-particles, and other multi-
nucleon fragments following negative pion absorption on a 1ight nucleus. In fact,
Rabin 53_31?7 reported the emission of deuterons and tritons from 1ight elements in
nuclear emulsions almost a decade before they were confirmed by the sonic spark
chamber observations of Castleberry, gg__l?s. Beyond the intrinsic problems of

identifying the capturing nucleus and fragment charge discrimination, the utility

of emulsion data is limited in practice by the number of events that can be analyzed,

as remarke . Experiments using counters have been somewhat more successful

than emulsion experiments in producing data in which the pion-initiated events are
unambiguous as to origin, are sufficiently numerous to be statistically significant,
and have satisfactory mass resolut10n27’64'66. The difficulty with most counter
experiments that have been reported to date is that thick targets must be used
because of the low intensities of existing pion beams. Presumably particles of
low range are emitted but not detected. The integral range spectra presented by
Fowler and Maye523 indicate that about half of the charged particles from pion
absorbtion do not go beyond about Sum (1 mg/cmz) in emulsion. The use of target
thicknesses on the order of several grams per square centimeter prohibits detection
of most of the charged particles.

One other light nucleus--sLi--has been the subject of intensive theoretical
and experimental work because of its expected (a + d) internal cluster structure.
Sakamoto has considered the (7 ,2n) reaction, based on an harmonic-oscillator

6L1 mode167; Baus and Fuld have corrected this model for its barycentric motion88

Cheon has considered internal rescatteringsg; and others have examined GLi, varying

the theoretical assumptions in different ways7°'73. Experimental studies indicate
that two-neutron emission is indeed the dominant mode of fragmentation37'66’74'76.

10083201 COPIED F (00132860011
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But the studies do not agree on many particulars. The marked suppression of
triton emission reported by Cohen,_gglgl74 contrasts with the result of Castle-

berry, 53_5174, who find that a triton is the most common isotope to be emitted
6

from 6Li, with relation to an understanding of the structure of 12C and ]50,

from "Li following pion absorption. The importance of fragment identification

arises from the result that capture on a deuteron cluster is apparently favoured
over capture on an alpha cluster. The rather large branching ratios for triton

emission from carbon and oxygen nuclei thus poses a suggestion of strong

g~ clustering within their structures.

At the present writing, the following assertion about negative pion absorp-
tion in Yight nuclei may be made: the reported data are insufficiently precise

to guide the theory. There are indeed internal conflicts--e.g. Calligaris et a1%®

report neutron spectra from 6

gg__l?7. The proportion of the fragmentation mode: ]4N(w-.3a) seen by Fowler and

Li which do not agree with those reported by Nordberg

Mayes is in conspicuous disagreement with that reported by Lederman and Ammuiraju,
and the discrepancy is discussed by the former authors at some length. Some of

these difficulties may arise from uncritical acceptance of the Z-iaw, while others
may originate from observation of events which are actually caused by pions whose
kinetic energies are as high as several tens of MeV--resulting from the necessary

use of thick targets. (In spite of the theoretical similarities suggested between

fast and stopped pion545

, they may in fact differ). However, the principal experi-
mental problems seem to be inadequate statistics and poor fragment identification.
The physically interesting processes related to radiative pion absorption
(u-.Y) and single-charge-exchange (r~,7°) have not been considered, although these
processes may leave the residual nucleus excited to the giant resonance77. Radia-

tive pion absorption appears to have a branching ratib77 of about 10'2, while
single-charge-exchange has a branching ratio of less than 10'4 in light nuclei78.

These processes are of secondary importance, at least when compared to the two-
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nucleon, several-nucleon and heavy-particle fragnentation modes. The two-nucleon
mode is expected to account for about 40% of ‘the tota137, while the extant emulsion

data on 160 interactions indicates that branching ratios of 5 to 20% obtzin for the

other nucleon and heavy fragment modes23

The analysis of heavy-fragment emission from all light nuclei following n~

absorption will be considerably improved by the use of the apparatus proposed here.»

b) Description of the Experiment

1) GENERAL DESCRIPTION

It seems appropriate to propose the use of the TRIUMF Pion Medical Channel to
perform this experiment because of its value to the negative pion therapy pro-
gramme. The medical channel has been described by Harrison79 and by Nittenso;
there is also a record of correspondence between W. Sperry and G. Jones discuss-
ing its use for stopped pion and muon physics experimentsgl.
General principles on which the experiment have been designed are these:
-~ Because no single apparatus can yield all the information desired,

double (and occassionaly, triple) targets are employed in the stopped

pion beam, for reasons of economy of beam time;
-- Therefore it is mandatory that the targets be sufficiently close to

each other so that pion beam losses by capture and, especially, multiple

scattering, do not materially inhibit successful performance of other

experiments "downstream", but on the other hand, components are

adequately isolated from each other so that secondary particles from

one apparatus do not simulate primary events in another;
-- In view of the intense (distributed) source of fast neutrons (~ 7 x 107n/s)

that arises from negative pion capture in targets, detéctors and absorbers

along the pion beam line, it is necessary that all detectors used be

either neutron-insensitive, or remote and well-shielded, or capable of

COPIED FUR-2e001
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being "rejuvenated". (Thus, plastic scintillators, sodium jodide
scintillators, and conventional solid-state detectors cannot be used
near the beam line);

-- The especially favourable time structure of the TRIUMF beam will be
exploited as much as possible. At a pulse repetition rate of 22.66
MHz, assuming 5 proton pulses per cycle and near -isochronism of
pions entering the system, pions will arrive in pulses about 44 ns
apart. There will be initially very few pions in each pulse, and vari-
ous losses will reduce their number to less than one per 44 ns, thus
permitting individual pions to be traced through the absorber-detecfor-
target system ("inspected") at a rate of a few million per second.

(An experiment with comparable restrictions at the LAMPF facility could
inspect only about 250,000 pions per second because of the 6% LAMPF rf
duty factor.)

-- The electronic logic and analog systems have been designed with exist-
ing "off the shelf" equipment in mind. It is believed that more com-
pact and economical systems can be created. However, the present
design establishes feasibility.

A simple block diagram of the proposed detection system is shown in Fig. 1.

The pion beam, focused to about 3 x 3 cmz. {s slowed by a thick absorber.

Individual pions are counted and located by beam-line detectors C], and Ci, which
are of the multiwire proportional counter (Charpak) type. Target T] is an extremely
thin (800 ug/cmz) target, viewed by a magnetic spectrograph. Detector C, is an
intermediate Charpak beam-line detector, preceeding target T2 (about 10 mg/cmz)
which is viewed by a range chamber. Detector C3 is, again, a Charpak beam-line
detector. Intermittently, a third thick target T3 will be set at the end of the

detector, using beam-line detector C4 to serve as a verification counter for pions

093204 COPIED Fo0132860.014
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stopping in T3. The details of each detection system will be described more {ully
below.

2) BEAM CHARACTERISTICS
A negative pion beam will be extracted at an energy of 50 MeV with a momentum
interval of = 2.5%. This pion energy was tentatively selected on the basis of
factors described in the Final Report of the Yale Design Study: production cross-

section, acceptance solid angle, and decay-in-flight are included, although nuclear

attenuation is so small for pions of this energy that it may be ignoredaz. Cross

section data used were those of Lillethun et al, which were selected because they

most nearly compare to the TRIUMF proton energy and ang]e83. The following assump-

tions were additionally made:

primary proton energy: 450 MeV
priuiary proton current: 400 LA
pion production target: 18 g/cm2 Be

Using the above values, an independent calculation yielded a stopping density of

pions given by

%g =1.6 x 10/ 1~ -(cmzlg-s)

which is in excellent agreement with the stopping densities obtained by both

78 and Hittenso for a *+ 5% momentum interval. The selected momentum

Harrison
interval of + 2.5% leads to a FWHM range variation of 1.45 g/cmz, which must be
appropriately modified by the intrinsic range straggling width of 0.23 g/cm2
(range values in this section are quoted in carbon). The number of pions stop-
ping somewhere in the system every second has the value:

%’% =2.3x10 «/s

When this number is divided by the pulse frequency, it is seen that the average

number of pions entering the system every 44 ns is almost 1.0 » /pulse. Such a

o 0132860.015
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?ate (if unattenuated) would be too high for individual pion inspection, because
the probability of receiving two or more pions in one pulse would be about 24%.
However, multiple scattering attenuates the rate by a factor of between 4 and S,
as will be described below, and reduces the rate of plural events to a few per-
cent, while reducing the rcte of the desired single pion traversals by only about
one-half. 1t is probably not profitable at this time to calculate pion yield and
rates in more detail until empirical values are obtained from measuremenis on

the channel itself: adjustment to the desired rate can be obtained by variation
of the momentum interval.

The distribution of pions in range is deduced to be approximately uniform,
because the reported production cross section increases with pion energy near
50 MeV83. while the stopping power, (-dT/dx), decreases with energy in an approxi-~
mately compensatory manner. The calculated range distribution of pions is shown
in Fig. 2. The thinner targets are located in the region of maximized stopping
density, that is, at values of total range in carbon between 10.0 and 10.8 g/cmz.
In practice, CH2 will be used for the primary absorbér because it produces less
multiple scattering than carbon.

The number of particles actually stopping in each of the targets is obtained
in the following manner: the lateral spread of particles stopping in a given
target is principally determined by the thickness of the target jtself because
that is the measure of the highest pion energy that will stop there. Other
factors are the thickness of.the preceeding beam-line detectors, absorbers, and
targets and their distances from the target in guestion. Because a broad momen-
tum interval is injected into the system, all pions will not be characterized by
the same mean-square scattering, <02>. at the same target. To determine scatter-
ing losses, one starts with pions of energy corresponding to mean range in the

target and calculates how much scattering occurred in the thickness of the
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previous detector, thus obtaining the root-mean radius increment A<r2> from thet
detector by the relation:

A<r2> = <@2>22
(where 2 is the detector-target separation). The calculation goes backward in a
stepwise manner to the position where the beam enters the primary absorber, where

<r2> is taken to be 3 em? (derived from 3 x 3 cm’ beam spol). Then at each loca-

tion, the ratio of <r§> to the cumulative sum:

= +
<r > <r > + A.l <r > + A2<r >

is the reduction factor for a beam stopping in a given target.

Multiple scattering of the pions was re2dily calculated by employing one of

the formulae developed by Rossis4:

p
2521 2 \
[s)
s —ZZ Xb 2,d
P -85

for pions slowing from momentum Py to p, (where fs = 21 MeV and Xo.

(o 8

p
o

radiation length), because the reciprocal of g2 (-%%) could be represented by a
simple analytic form. Using this equation, and the specific dimensions and
detector/target thicknesses shown in Fig. 3, the reduction factors for the stopping
densities at each target and detector are as shown. Even at C1, the reduction fac-
ter is calculated to lie between 3 and 4, because of the scattering in the primary
absorber. The stopping-density reduction factors thus obtained imply the same
areas for all targets and detectors between the primary absorber and C4.

The calculated average reductions at the various targets and detectors do not
prohibit obtaining information about individual pions, because beam-line particle
inspection by suitably designed Charpak counters removes much uncertainty as to
both direction and location of individual pions. Statistical uncertainty applies

to the lateral displacement induced in the last leg the pion traverses before
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étopping. Particular care had to be taken for this reason in the case of the
magrietic spectrograph target, because the root-mean-square lateral distance
through which the pion is scattered as it strikes the target becomes the effective
tirget width, which in turn influcnces the resolution of the spectrograph. For
the design shown, rms width at the T] target is about 0.75 cm.

Range-energy data for the scattering calculations were drawn from the
extensive tabulations by Rich and Madeyss. Other (unpublished) data for pion
ranges at very low energy have been used.

When slowly-moving pions are to be stopped in a thin target, two special
and closely related concerns are, first, whethar they will survive decay-in-flight
when moving betwcen the last detector and the target, and second, whether pions of
somewhat higher energy that do penctrate the target (but lose energy in traversing
it) will survive to be recorded in the succeeding beam-line counter. The succeed-
ing counter is used to set a logic “"veto” on preceding phenomena, as will be
described. Two factors common to both problems lead to a favourable answer.
First, the uniform distribution in range does not imply a uniform distribution in
kinetic energy--the eneroy spectrum of pions that emerges frem any object must vary
as the reciprocal of the stopping power and the emergent pions are thus biased
toward higher energy-dramatically so, because it is the pions of lowest energy
(up to 1 MeV) that are of interest. Second, decay is in itself not serious, pion
losses to decay being of the order of only 20% in the case of the thinnest target
if preceeded by a 5 cm drift space. These properties are not by themselves suf-
ficient to lead to uncritical reliance on the efficiency of the veto counter.
However, the decay product of the pion is a muon, which has a minimum kinetic
energy of 1 MeV and a minimum range of 150 mg/cmz. The muon is readily projected
forward if there is any appreciable pion velocity. It is therefore estimated that
a veto counter following a thin pion-stopping target will be from 95 to 98% reliable,

the value depending to some degree on geometry. Since its basic purpose is to
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permit distinction between real and background events, its reliability can be
checked in situ by elementary techniques.

A final concern is that of beam contamination. The estimates of Sperrygl
indicate that nucleons and electrons will appear in the following ratios:

p/n = 0.1 n/n = 0,06 e/n = 0.2
The protons of momentum equivalent to that of 50 MeV pions have less than 10 KeV
and will easily be stopped in the primary absorber. The neutrons are presumably
of thermal or epithermal energies (in order to have negotiated two 45° bends) and
are certainly a less serious problem than fast neutrons arising from the stopped
pions themselves. The 20% electron contaminztion is a greater obstacle. If
electrons arise from the production target they are momentum-equivalent to the
pions and thus have about 128 MeV kinetic encrgy. They are not readily scattered
but are highly penetrating, and thus must lead to some undesired responses in the
beam-line detectors. An ideal solution is not'immediately evident, but probably
discrimination against pulses of minimum ionization in the beam-line detectors will
be sufficient.

Muon contamination is also present, both from decay of stopping pions and
also from pion decay in the medical channel. Fast muons arise because only about
7% of the injected 50 MeV pions survive the trip through the 7m channel and the
forward-decaying mesons are nearly momentum-equivalent to the pions. But, even a
quadrupole channel specially designed to trap muons from pions decaying in flight

86 Typical muon contaminations in other pion

rarely exceeds 5% in efficiency.
beams suggest that 0.1% capture efficiency is a reasonable estimate for the medical
channel. Thus, a u/v ratio of about 0.1 is anticipated. Such muons have (before
passing through the primary absorber) a kinetic energy of about 60 MeV and a range
of 15 g/cmz. They will be exceedingly difficult to distinguish from pions by

pulse discrimination and will probably trigger the beam-l1ine detectors at the ratio
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of one muon per 10 pion events. However, if a nuclear event should be caused by

a captured muon, it must be a weak-force interaction which is commonly a two-body

reaction, e.9.,

The appearance of monoenergetic heavy fragments can thus be used to estimate the
effect and magnitude of muon contamination. From the radiobiological point of

view, of course, it is absolutely necessary that muon absorption effects on nuclei

be measured along with those of the pions.

3) DETECTOR SYSTEMS

(i) X-Ray Detector

This system is discussed first because of the importance of its results to
subsequent weighting of decisions. A preliminary experiment using this system
alone could be defended.

It ha§ been indicated that the knowledge of actual pion capture ratics on
various elements in tissue is uncertain. It appears that measuring the proportions
of 1ow-}eve1 pionic X-rays vould be the least ambiguous method of determining ratios.
This will work very well for tissue samples which are principally of (CKOH) composi-
tion, but additional data on Ca and P pionic capture X-riys will be needed to extend
the study to bony tissue.

An excellent recent review paper by Backenstos587 summarizes much of what is
known about pionic X-rays, and some of this information is excerpted and presentcd
in Table 1. The Tow yields of electromagnetic radiation from the 2p-ls transitions
are caused by competitive processes that permit deexcitation of the upper levels:
nuclear absorption, and, to a lesser extent, Auger processes. The shortness of
the lifetimes of the pionic states is reflected in the widths of the lines, which

principally result from the widths of the lower levels. No absolute yield values
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Pionic X-Rays from Selected Nuclei
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Capturing Transition Enerqgy Line Width Yield
Nucleus (keV (kev) (%)
(Yover level)

12 2p-1s 93.16:0.12 | 2.96:0.25 | 7.6:0.9

Vy 2p-1s 124.74:0.15 | 4.48:0.30 | 6.8:0.8

169 2p-1s 159.95:0.25 | 7.56:0.50 | 4.9:0.7
27y 3d-2p 87.53:0.10 | 0.11:0.08 | Not reported
31p 3d-2p 116.78:0.10 |  0.20:0.08 | Mot reported
4OCa 3d-2p 209.66:0.18 2.29:0.13 Not reported

(In this teble, the values of highest reported precision have been
There are other valucs reported.)

selected.
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?or the higher (3d - 2p) transitions are reported, although Backenstoss describes
how these can be obtained. Energy calibration can be done with muonic X-rays,
which are always present.

The equipment to be used to view a tissue sample of about 1 g/cm2 thickness
is a high-purity (intrinsic) germanium detector. A conventional Ge(Li) detector
would not survive the intense fast neutron flux to which it must be subjected.
However, the intrinsic germanium detector can be repeatedly recycled from liquid
nitrogen temperature to room temperature, thus permitting annealing away most of
the radiation damage sustained. A detector of this type is now commercially
available: it is reported that energy resclution comparable with that of a Si(Li)
X-ray detector is achieved (e.g., 470 eV FiHM at 122 keV) but with much higher
detection efficiency (on the order of 50% at 100 kev)88. Currently manufactured
models of the Ge detector have only 30 mm2 active area, but this restriction may
improve in the next year or two. The analysis of the X-rays from the detector will
proceed by a conventional preamplificr-amplifier system feeding a multichannel
‘anaiyzer. A pileup rejection system will be included to maintain energy resolu-
tion in the presence of the high neutron flux. The analyzer will be gated by a
11237 event and will require about 30 usec to process an X-ray count. Thus, a
basic limit on the rate of analysis is about 3 x 104 events per second, but this
is not the most severe limitation. In practice, it will be necessary to keep the
active area of the detector at least 10 cm from the thick tissue target because of
the need to interpose about 10 g/cm2 of material of very low atomic number in order
to keep the high-energy protons arising from nuclear absortion of pions cut of the
detector. The detector solid angle is thus estimated to be about 3.3 msr. Even
using a thick target muitiple scattering, as seen, reduces the number stopfing in
it to about 2.5 x 105 n /s. The resu]tént estimate of data accumulation fér 2p-1s
transitions is about 2.5 events/sec. The minimum requirement on total counts for

any single sample appears to be approximately 105 counts on transitions of interest,
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because of the extraordinary backgrounds that arise in pion/muon capture experi-
ments. An operating time of 8 to 10 is thus indicated for every tissue sample,
It is at present uncertain whether this period will exceed the time that the
detector can receive exposure to a fast neutron flux before it must be warmed and
rejuvenated: rough calculations suggest that such deterioration may start after
a period of 5 to 6 hours.

It is reemphasized that this experiment is parasitic to the charged-particle
detection experiments and could profitably be run as a separate experiment, at a
higher data rate.

(ii) Secondary Charged-Particle Detection Systems

The 1ight elemants of interest in the initial medical application--carbon,
nitrogen and especially, oxygen--are the subject of primary importance in these
experiments. The only data available on oxygen is that of Fowler and Maye523, if
we except the high-energy proton-deutercn-triton data of the University of Viréinia
groupzs. The expected fragments and their energies can be roughly estimated frem
these data. (The older cloud-chamber19 and emulsion21 data were also considered
in the instances of nitrogen and carbon.) Some estimates of average and maximum
kinetic energies, principally based on the Fowler-Mayes data, appear in Table II.
Here, maximum kinetic energies of fragments are derived from simple kinematic con-
sidcrations, while average values are those given by Fowler and Mayes. The list of
fragments is almost certainly incomplete; Vanderhaeghe and Demeur assigned about
4% of their light-element pion capture events in emulsion to 8Li fragmentSZ]. The
latter were distinguishable from their characteristic "hammer tracks"; Li8 is by no
means an unexpected fragment, on the basis of isospin conservation. .

The broad spread of species and kinetic energies of fragments indicates that
a single detection system would be inadequate. The maximum ranges of the fragments

vary from 2.61 mg/cm2 (in the case of ]4N) to 170 mg/cm2 for the most energetic
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Table II
Average and (Calculated) Maximum Kinetic Energies of Several

Nuclear Fragments from Pion Absorption on Carbon, Nitrogen and Oxygen

Fragment Carbon Nitrogen Oxygen
Tavg Tmax Tavg Tmax Tavg Tmax
(MeV)  (MeV) (MeV) (Mev) | (MeV)  (MeV)

14y - - - - 5.8 | 14.4
12, - - * |18.0 | 6.3 | 258
Ng * * x| 235 27.4
10 5!0

B 18.5 | = . 39.0
g 4.7

Be 26.0 | * . 4.6 | 42.2
UY 35.5 | = * 44.0
6 8.0 5.4

Li 52.1 * * 62.0
fe * 76.5 |+ |e4.2 * 78.0

He * * * * * *
3H * ~ 80 * * * ~ 80
2y * 80| * * . ~ 80
LY * .90 | * * * ~ 90

® Not reported
i COPIED FOBo132850.024
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4He fragments, even if the hydrogen isotopes (which have ranges up to almost
10 g/cn?) are excluded from consideration. Indeed, if the particles are classified
in terms of range (here quoted in aluminium, from the data of Northcliffeeg) three
distinguishable domains of range are perceived:
-- high range, 800 mg/cm2 to 8.0 g/cm2
-~ medium range, 50 mg/cm2 to 800 mg/cm2
-- low range, 1.0 mg/cm2 to 50 mg/cm2
The group at the University of Virginia has performed many of the useful measure-
ments in the high-range domainzs. It does not seem profitable to repeat their experi-
ments, especially knowing that some extensions of this work are planned at LAMPF in
the near future. It is hoped that collaborative efforts on interpretation with mem-
bers of this group can be pursued. It has therefore been decided to concentrate
experimental effotts in the low-range and medium-range domains.
(i1) A) Low Range Domzin
In this domain are found virtually all of the fragments of A < 6 and presumably
also the lighter fragments of extremely low energy. At least two independent measure-
ments must be performed on any nuclear fragment to obtain its energy and its identity.

Consideration of the various techniques indicated that two of them could not be

employed with heavy fragments: stopping power (because of low penetration

and scattering) and time-of-flicht (because of lack of time discrimination at any

distance commensurate with adequate detector solid angle). The classical method of

measuring magnetic rigqidity together with kiretic energy emerged as the sole practi-

cal candidate although it initially seemed that certain ambiguities might appear in
this method. Reconsideration of the processes dispelled this concern, for the reason
to be described.

Heavy particles moving through media have a rapidly changing charge state.

This has been shown by Northcliffe to be a function of the ratio, £, of the
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particle velocity, v, to the “Bohr velocity" of the electron in the 1s orbit of
the fragment:

= 137v

A 13

where 7 is the atomic number of the fragmentag. Several discrete charge states
coexist and the fragment charge, on emergence from a target, is likely to have
any of these several discrete values, which occur in a predictable ratio as a

function of &. Thus, ]ZC fragments emerging from a target with 10 MeV kinetic
energy have a value of ¢ about equal to 1.0. Therefore that the 120 fragments

must appear in the following proportions:

20% in the Z-state (¢ v1)
48% in the (Z-1) state (1% v)
27% in the (2-2) state (1%¢ 1v)
5% in the (Z-3) state (¢ )

Each of these four charge states of 10 MeV ]ZC fragments will appear at quite dif-
ferent values of magnetic rigidity--12C VI at 258 kG-cm, 12€ V at 310 kG-cm,

l2(: 1V at 389 kG-cm and 120 IIT at 516 kG-cm. Fragments of lower kinetic energy
have lower values of & and, consequently, tend to have lower charge states, while
those of higher kinetic energies are completely jonized or in the (Z-1) charge
state. The effects are, first, to concentrate the heavy fragments in a relatively
narrow spread of magnetic rigidity, and second, to provide certain useful redun-
dance of information. For example, the fragments 3He 11 and lzc IV have essentially
identical magnetic rigidities when they have the same kinetic energy but a parallel

determination of the unambiguous spectra of the charge states of 12C Y and 120 b o 4

12

permits calculation of the "“C IV spectrum and thus allows it to be subtracted

from the combined spectrum.

Figure 4 shows a plot of the magnetic rigidity, B>, against the kinetic energy,

T, for 2 number of expected heavy fragments. The lines have been terminated either
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at their maximum kinetic energy (shown in Table II) or when the fractional ratio
of that charge state falls below (arbitrarily) 20%. Thus, the 12C VI line extends
between 10 MeV and 26 MeV.

The pattern of the lines on Fig. 4 indicates that most of the important feasi-
ble measurements on low-range particles can be done in the region of magnetic
rigidity between 200 kG-cm and 800 kG-cm. A magnetic spectrograph with energy-
sensitive and position-sensitive detectors set along the focal plane is the obvious
method to use. The line separation on Fig. & also suggests a lower limit on the
desired minimum of energy resolution, 4T/T, compatible with particle identification.
The two lines that most nearly overlep are thase for ]]B IV and 6Li I1I, and an
energy resolution of 1.6% would be needed to distinguish between these fragments.
(The lines of Fig. 4 represent relations batween T and Bp after the particles have
left the target, and while the target thickness inevitably causes severe distor-
tion of the original energy spectra, fragmant tvpe discrimination is a separate
reason for reducing energy resolution es much as possible,) It will be seen that
this stringent resolution regquirement cannot be met, because of target width
influence, but all other particle separations impose only a 4% requirement on
energy resolution, which can be achieved.

The spectrograph is in many ways very similar in its requirements to one
needed at a tandem Van de Graaff installation. A number of broad-range high-
resolution spectrographs were investigated. Among these were the Enge split-pole
spectrograph90 now in use at the University of Pittsburghgl and its sophisticated
descendant, the QD3 spectrograph described by a group at Chalk Rivergz. Such
spectrographs are obviously too elaborate for an experiment which basically needs
only a few percent of energy resolution. Consideration of the properties of alternate
designs of simple uniform-field spectrographs has been presented by a group from

the Copenhagen Institute for Theoretical Physic593. A version of their final

design, shown in Fig. 5, was ultimately selected. The "Copenhagen" spectrograph
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is not double-focusing although the positive angle of incidence causes some verti-
cal convergence and thus leads toasatisfactory value of detector solid angle (Fig.
6a). It is corrected for second-order aberrations in the radial plane and, for

the design pzrameters selected, has a typical energy resolution of less than 1%
(Fig. 6b). Its particular virtue for the present application lies in its relatively
small value for the effect of target width on the resolution (Fig. 6¢c), which is of
the order of 0.25% per mm of target width. In this experiment (unlike one using a
conventional accelerator) it is not possible to control the lateral beam spread
precisely, because of the scattering in the Ci detector*, Collimation would lead
to serious background from pions stopping in the collimator. The 0.75 cm width
from scattering in Ci induces an energy resolution about 3.7%, which is within the
desired limit for energy resolution. The 800 ug/cm2 T] target is entirely compati-
ble with the lowest heavy-particle energies that can be measured with the spectro-
graph.

The magnetic spectrograph will use position- and energy-sensitive semiconduc-
tor detectors in the focal plane. A spatial resolution of 0.5 mm is easily obtained
with the 10 mm x 50 mm Nuclear Triodes that are currently availab1e94. The solid
angles éhown in Fig. 63 are calculated using the 10 mm dimension. Counting rates
of 104 to 5 x 104 random counts per second per detector could be handled readily
although the anticipated rates will be considerably below this value. Sixteen
detectors will be arranged as in Fig. 7 in order to cover the desired region of the
focal plane completely.

A block diagram for four detectors is shown in Fig. 8. This is representa-

tive of the system plan for sixteen detectors. (The logic which determines that

a single event took place and a pion stopped in the target is described below.)

* Alternatively, the T, target could be reduced in width to produce the desired
"~ resolution, at the cost of a substantial loss in counting rate.
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The signals Energy, Position, and Detector will be gated into a small local computer.
The computer will then be appropriately interfaced with CAMAC.

The 16 Nuclear Triodes were selected for depletion depth according to their
location, by comparing maximum particle ranges to their magnetic rigidities. An
array that will stop virtually all particles of energies below 15 MeV (other than
protons) consists of: 4 detgctors of 60 micron thickness,

4 detectors of 120 micron thickness,

8 detectors of 240 micron thickness,
in order from lowest to highest radius. Some particles which have ranges higher
than the corresponding depletion deptﬁs may be to some degree susceptible to
analysis by comparison of their stopping power with the magnetic rigiditygs.

The magnet itself has pole tips 93 cm x 30 cm in dimension and a 2.5 cm gap.
It is to be operated at 16 kG maximum field, a field slightly in excess of the
linear region but one allowing maximum constriction of the detector array. A
choice of a lower value for maximum field would improve the variation in resolu-
tion with target width and some other parameters (although not detector sclid
angle) but a weaker field would cause the spectrograph and its attachments to
become excessively large. The proposed magnet will expend about 8 kif of regulated
pover, and requires about 200 kg of copper winding to maintain the field. The
weight of the yoke, pole tips and support is estimated to be 7 metric tons.

With the geometry and detector as planncd, the value of stopping pion density
is about 3 x losn-cmzlg-s at T]. The number of pions stopping and being captured
in the 1.1 g/cm2 (projected} thickness is thus 3.3 x 103/5. The solid angle used
in this estimate is based on the representative average kinetic energies of the
fragments (Table II). Their average magnetic rigidity, as shown in Fig. 4, is

about 300 kG-cm. The average solid angle is thus taken to be 6 msr: on these

assumptions the average counting rate is 1.6 heavy fragments per second.
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The T] target will be slightly smaller than the 3 x 3 cm2 assumed, so the actual
count rate in the spectrograph will be about 1 heavy fragment per second. This
seems to be extremely low. However, with only 20 minutes of operation at this
rate, as many events will be counted as were measured in the entire Fowler-Mayes
experiment. Between 3 and 4 hours of operation will provide as much usable data
as has been reported, cumulatively, from all emulsion and cloud-chamber studies

of n absorption on 1ight nuclei. It will also in general be possible to identify
the nucleus of origin with no ambiguity. At least one 8-hour run, permitting the
acquisition of data on 30,000 heavy fragments, is tentatively requested for each
of the several targets of interest.

(ii) B Medium Range Domain

It is seen from Fig. 4 that some light fragments have magnetic rigidities
in excess of 800 kG-cm. Also, some of the light fragments having suitable radii
within the spectrograph still exceed the thickness of the particular Nuclear .
Triode they strike. It would be uneconomical and in some instances, impossible
to use a detector of sufficient thickness to detect all partic]es. Therefore a
rather elementary range-chamber detector is used to obtain data on fragments in
the medium-range domain.

This detector records information that to some degree overlaps data obtained
from the spectrograph. It consists of a stack of 10 proportional counters, each
of about 10 mg/cm2 thickness, as seen in Fig. 9. These are not Charpak counters--
all of the wires in any one detector element are connected together. The rang?
chamber is in fact simply a 10-channel version of the differential range counters
extensively employed some 20 years ago for charged particle detection and analysis
in the presence of high neutron backgrounds.

. The range chamber is designed with a somewhat constricted (3 cm) front

aperture in order to allow for multiple scattering of the heavy fragments, as
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they are slowed in the absorber foils between detectors. It {s, provided with
remotely insertabIe.preabsorbers of 100 mg/cmz, 200 mg/cmz, and 400 mg/cmz, in
order to permit measurement of fragments having total ranges up to 800 mg/cmz.
The range chamber views the T2 target (set at 45° to the pion beam) at a distance
of 10 cm. It is not maintained in a vacuum, because the air thickness is compar-
able to the range resolution desired. (A helium-filled bag may be used in the
pion beam to reduce scatiering.)

Such a detector is only capable of determining the energy (range) and the
“atomic number, Z, of any fragment, but not the isotopic species. It does not,
for example, distinguish between 6Li and 7Li fragments, a few of which might
have sufficient range to enter the range ch;mber. It is anticipated that over-
lapping data on isotopic mass, obtained from the upper end of the spectrograph,
will provide the necessary guidance for identification of such fragments.

Contingent upon the receipt of a 11'23 enabling gate from the beam-line
detectors, the range chamber is interrogated and 2 record of the sizes of these
pulses that arise fron the deepest detector in the detector stack are recorded
if coincidence among all previous detectors is observed. Thus, after the 11'23
signal, the presence of an ABCDEFG signal from the range chamber will force the
recording of counter pulses E, F. If all counters record, the last two detector

pulses will be recorded. The electronics associated with the range chamber appear
in Fig. 10.

It is calculated that about 3.3 x 104

a /s will stop in the T, target. The
solid angle of the range chamber to the target is 70 msr, indicating a nominal
counting rate of about 160 counts/s. The rate does not exceed the capability of
any part of the system. The majority of the entering particles will be high-energy
hydrogen isotopes and these may tend to obscure the detection of heavier fragments.

In that case, selective discrimination against acceptance of the smaller pulses

induced by hydrogen fragments in the first few detectors will eliminate the problem.
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It s actually anticipated that only about 10% of the fragments stopping in the
range chamber will fall within the medium-range domain of interest, perhaps about
10 events/s. However, these will be to some extent distributed among the 8 pos-
sible combinations of variable preabsorber range. Thus the projected rate of data
accumulation is on the order of 2 counts/s. This mey be compared with the expected
rate from the magnetic spectrograph: an 8-hour run on a given target with the
spectrograph will produce comparable statistics on data from the range chamber
while it is being operafed in conjunction with the spectrograph.

(iii) Beam Line Detectors

Multiwire proportional counters (“"Charpak counter") will be used to count the

individual pions in the beam. These proportional counters have been descrited

96

elsewhere”™ and are selected because of their comparatively limited response to

neutron and gamma radiation. The detectors each have their wires arranged verti-
cally (at about 2 mm spacing in the case of detectors C]and Ci) in order to identify
position and direction of the pion stopping in the T] target, thereby improving the
momentum resolution of the magnetic spectrograph. A time resolution of 30 ns can
be achieved by choosing the appropriate gas mixture and voltage. Counting rates
of the order of ]07/5 have been reported97. This means that two pions resulting
from consecutive beam pulses will be distinguishable in time. The Ci counter will
be made very thin by using windows of Formvar films (50 Lg/sz) covering a molybderun
meshgs. Gas pressures of over 1 atmosphere can be sustained by such films although
much lower pressure differentials are expected to be employed.

Fig. 11 shows the electronics which determine that a pion has stopped in
the T] target and the associated logic which records iis trajectory. Detectors
C]. Ci, and C2 consist of 16-wire proportional counters. A signal in detector C2
causes an event from the spectrograph to be rejected. When a 11'2 signal occurs,
the number of the wires in the corresponding detectors are encoded and transferred

to the CAMAC interface. This information is then available to the on-line computer

10937727 | COPIED 66742860032

UenTr

2 PPN



leet 33 of 56

if a charged particle is detected in the spectrograph within the appropriate time
Timit. A similar system is employed for identifying a stopping event in either
the T2 or T3 targets. The fundamental reason for using beam-line detectors is

the elimination of background by the verificatien procedure described.

4) TARGETS

In order to investigate the 1ight elements of immediate interest, it is
tentatively planned that the T] and T2 targets will be fabricated as described.

Carbon: This is quite straightforward, because targets in the 0.5-10 mg/cm2

range can be produced by evaporation or (in this application) from CH or CH2

foils.

Nitrcgen: The standard material used for thin solid nitrogen targets is
melamine (C3N6H6) which can be successfully used for stopping pions, especially
after carbon targets have been investigated. Melamine has certain hazards
associated with its use (especially if it is overheated)99 and alternate targets
are being considered. A gas target may be preferable for T2.

Oxygen: Conventional organic compounds, such as mylar, tend to be relatively
oxygen-poor. One satisfactory approach to fabrication of a thin solid oxygen tar-
get has been the use of A]ZO3 foils (prepared by anodization) together with the
determination of the background from the aluminium. It is virtually impessible
at this time to prediciAwhich heavy fragments will arise from negative pion
absorption by Al: hopefully the (n 2n) or (-"(np) modes will be dominant and per-
mit a relatively unrestricted picture of the oxygen-absorption fragments in the
spectrograph and range chamber. However, there are alternatives--one extreme

example might be a gaseous 02 target between thin sheets of Formvar--and these

will continue to be investigated. The T, target could readily be a gas target.

One very interesting possibility for the T] oxygen target is the use of a water
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fogging device, similar to the type developed by Lane for the environmental control

stage in electron microscopy100. This must necessarily be used with a vzcuum pump

mede to handle condensable materials. :

Others: Of next greatest importance to the radiobiological problem are the
elements Ca and P. Because these elements are not assigned top priority in the
first phase of this experiment, the fabrication of targets has not been seriously
considered. Deposition of Ca and P compounds on carbon, aluminium, beryllium or
other suitable thin carrer foil may be a simple solution provided that the fragment
background from the carrier element has previously been measured.

c) Experimental Equipment

A tentative list of equipment is submitted with the following qualifications:
(i) The electronics are listed on the assumption that mostly shelf items will
be used. It is believed that considerable eccnomy in these items can be achieved

by internal redesign.

(ii) The equipment that may be available at TRIUMI is not known to us at
present. ' , !
(111) sSome of the equipment is now available at one of the participating
institutions. It is hoped that some cooperation will develop with colleagues in Z
Caneda, who may have or be able to obtain the use of other components. g

(iv) It is planned that major equipweni fabrication and testing will be done
principally at Washington State University, where availability of shop facilities
a 2 MeV accelerator, PDP -15 computer, etc., will permit basic checkout before

removal to Vancouver. Mo important use of the TRIUMF shops is envisioned at

this time.

Equipment List Comment
Beam Line Detectaor System

5 x Charpak detectors

80 x amplifiers, triggers, delays, monostables,
and gates

COPIED 60132860.034
10952214
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5 x OR gates

5 x 5 MHz scalars

1 x NIM bin

2 x encoding matrices

(1 x CAMAC-PDP-15 interface) for checkout at WSU
Magnetic Spectrometer

16 kG megnet, 7T, 30 x 93 cn?

8 - 10 kW DC power sﬁpply (0.1% reg) Needs: 10 kH;7.5 gpm water

vacuum tank, vacuum system

16 x Nuclear Triodes

32 x ORTEC 121 preamp

16 x ORTEC 114 preamp power supply

4 x ORTEC 210 detector control

32 x Tennelec TC 211 linear amplifiers

3 x NIM bin

32 x Tenn., TC 620 Stretcher-multiplexer

4 x Tenn, TC 420 Multiplexer-controller
2 x Temn. TC 501 ADC Multiplexing Equipment

7 x Tenn. DB 100 Special Bins
CAMAC Interface

Range Chamber
10 x ORTEC 121 preamp

5 x ORTEC 114 prearip power supply

10 x Tenn. TC 211 linear amplifier Some of these are available
or obvious substitutions
10 x ORTEC 489 delay amplifier can be made

18 x ORTEC 426 linear gate
1 x ORTEC 484 25 kHz scalar
2'x Tenn. TC 501 PHA

2 x NIM bins COPIED FOR

R HSPToo132860.035
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X-Ray Spectrometer

Detector GE 411-1 (inc. preamp) Vertical model

1 x Bias Supply all of this equipment
available at participa-

1 x RC shaper ting institutions

1 x Linear amplifier w/ baseline restoration
1 x Pileup rejector
1 x 2056 multichannel analyzer

1 x Scalar (25 kHz)

1 x NIM-bin

Miscellaneous
Equipment racks req. of TRIUMF
200 x (2" x 4" x 8") concrete blocks-shielding req. of TRIUMF

A scale drawing of the proposed installation is shown in Fig. 12.

d) Readiness

(Dates assume major support initiated Feb. 1973)

Charpak detector: design and construction 2/73 - 8/713
testing and modifications 9/73 - 10/73
logic testing at WSU 12/73 - 4/74
Electronics: redesign 2/73 - 6/73
' construction 7/73 - 2/74
testing 2/74 - 5/74
Magnet: design 2/73 - 4/13
fabrication 5/73 - 8/73
measurement and correction 9/73 - 1/74
Vacuum System and Spectrograph: design 4/73 - 6/73
fabrication 6/73 - 10/73

vacuum testing 11/73
counter installation 12/73 - 3/74
counter testing at WSU 3/74 - 5/74

Range Chamber: design 2/73
: fabrication 3/73 - 4/73
counter testing 5/73 - 6/73
Togic testing at WSU 7/73 - 10/73
Targets: fabrication 6/73 - 8/73
(testing of gas cells) 9/73 - 10/73

uenT
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It 1s believed that the above schedule can be met with the addition of 1 post-
doctoral fellow, 3 to 4 half-time graduate students to the agroup. Professor

Deutchman may continue some theoretical studics with the aid of one graduate
student during construction.

e) Machine Time Required

The core of the experiment is the spectrograph, with its rate of 1 count/second
the projected count rate of the range chamber count rate is 2 counts/second. The
X-ray detection experiment should (in principle) be initiated first in order to
determine the appropriate weighting of subsequent time. In performing the
A1203-A1 subtraction, and the melamine-carbon subtraction, it will be necessary
to make decisions on time allocations on the basis of the information obtained.

A provisional projection of time needed is presented here:

Block No. of Shifts Tl,T2 Ii Purpose
I 2 c tissue alignment , shielding
11 2 C.A tissue recheck , C
111 3 A1203,A1 (A1203?) 0 subtraction
v 3 Melamine (C) -- N subtraction

It is requested that Block II should follow Block I by 2 weeks, with a similar
‘{nterval between Blocks II and III. Blocks III and IV can be together.
f) OData Analysis:

The electronics will be assembled and tested using the facilities of the
Nuclear Radiation Center at WSU. These facilities include a PDP-15 computer which
has 16K of memory, magnetic disk storage, 2 DEC tapes, line printer, card reader,
and oscilloscope display. Part of the proposal is to obtain an interface to CAMAC
for this POP-15 so that the electronics can be pretested at WSU in detail. Since
the PDP-15 is non-portable, it is hoped that an on-line computer similar to the
PDP-15 will be provided by TRIUMF and have its own interface to CAMAC. If none of

the on-line computers at TRIUMF are from DEC, some programming assistance will

also be required. ‘ {j 43971 co':gg@%geso.ow
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Fig. 2. APPROXIMATE LONGITUDINAL STOPPING DENSITY DISTRIBUTION
OF NEGATIVE PIONS IH CARBON (T~ = 50 MeV, tp/p = 2.5.).
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Fig. 6. PROPERTIES OF THE !MAGNETIC SPECTROGRAPH
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SAFETY

Other than the routine hazards associated with high potentials on detectors,

moving heavy equipment, etc., the only special hazards now apparent will arise

from the fast ncutron flux and the use of melamine targets.
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APPLICATION FOR FINANCIAL SUPPORT

Because the present membership of the consortium is now entirely based in
U. S. colleges .and universities, it did not seem appropriate to request support
from Canadian agencies at this time. Copies of this document are being sent to
the National Research Council and the B. C. Cancer Institute as a matter of

courtesy, and also, to the following governmental and private agencies within

.the U. S., as a preproposal.

U. S. Atomic Enerqy Commission, Division of Research
U. S. Atomic Energy Commission, Division of Biology and Medicine
National Science Foundation, Nuclear Physics Program

National Institute of Health, National Cancer Institute

American Cancer Society
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