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7. Theoretical Studies for High-Energy Radiation Shielding

7.1 HIGH-ENERGY NUCLEON TRANSPORT AND
SPACE VEHICLE SHIELDING!'

R. G. Alsmiller, Jr.

Recent work on the transport of high-energy mas-
sive particles, protons, neutrons, alpha particles,
etc., through dense matter as this work applies to
the shielding of manned space vehicles is re-
viewed. The transport of heavy particles through
tissue and the resultant physical dose (rads) are
considered, but the important question of the bio-
logical effects of radiation is not discussed.
Throughout the discussion an attempt is made to
indicate the areas of uncertainty where further
research is required and particularly to indicate
the areas where experimental confirmation of theo-
retical results is needed.

References

IAbstract of ORNL-TM-1518 (1966); work funded
by National Aeronautics and Space Administration
under NASA order R-104(1).

7.2 CALCULATIONS OF RADIATION HAZARD
DUE TO EXPOSURE OF SUPERSONIC JET
AIRCRAFT TO SOLAR FLARES!

M. Leimdorfer R. G. Alsmiller, Jr.
R. T. Boughner?

Travelers and operating personnel in the pro-
posed supersonic jet aircraft will, at least when
traveling polar routes, be subject to a radiation
hazatd from solar protons and the secondary par-
ticles produced in the atmosphete by these pro-
tons.?®'*  To determine the magnitude of this
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hazard, a series of Monte Carlo calculations have
been catried out giving estimates of the dose levels
from a typical flare spectrum at various depths in
the atmosphere.

The calculations were carried out using the nu-
cleon transport code NTC, which uses an intra-
nuclear cascade model to predict the energy and
angular distributions of the nucleons emitted in
high-energy nucléon-nucleus collisions.®  The
quality factors used to convert from rads to rems
were taken to be the same as those used in the
wotk of Zerby and Kinney.® The geometry was
simplified to the case of multilayer slabs with the
following composition (starting at the top of the
atmosphere): X g of air per cm?, 1 g of iron per
cm?, 30 g of tissue per em?, 1 g of iron per cm?,
and an infinite layer of air. The three middle
layers were used to simulate the aircraft and the
passengers.

The solar protons were assumed to be incident
isotropically at the top of the atmosphete and were
taken to have an integral spectrum exponential in
rigidity; that is, the incident spectrum was taken
to be of the form

~P(E)/ P
NGE) =N e ) o,

where
1
P=— [EE +2mcH}1/2
ze

z = charge number,

e = electronic charge,
E = kinetic energy,

m = mass,

¢ = velocity of light.

In the calculations PO was taken to be 100 MV,
and the incident flux was normalized to 1 par-
ticle/cm? with energy greater than 30 MeV. Only
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incident protons with energies between 50 and
450 MeV were considered. The incideat protons
with energy less than 50 MeV are stopped in the
air, and the few secondary particles from these
low-energy protons may be neglected.” The par-
ticles above 450 MeV were not considered because
of the lack of particle production data at the higher
energies. This is, of course, a limitation on the
calculations and does not mean that the contribu-
tion of the higher-energy incident particles is
thought to be entirely negligible.

The rem dose as a function of depth in the tissue
at three atmospheric depths, X - 22 g/cm? (™ 85,000
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ft), X = 36 g/cm? (~75,000 ft), and X == 58 g/cm?
(~65,000 ft), is shown in Figs. 7.2.1, 7.2.2, and
7.2.3 respectively. A variety of curves are given
showing the various individual contributions to
the dose. The total dose at each depth is ob-
tained by adding all the individual contributions
on a given graph. The various secondary fluxes
are defined to be those that would exist at the
upper shield-tissue interface if the tissue and
everything below it were replaced by vacuum. The
curves labeled ““primary proton nuclear dose’’ and
‘“‘secondary proton nuclear dose’ represent the
dose from all particles produced by nuclear col-
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lisions in the tissue of primary and secondary
particles respectively. The upper backscattered
dose is the dose from all particles and their prog-
eny which cross from the tissue into the upper
layer of iron. The lower backscattered dose is the
dose from all particles and their progeny which
cross from the lower iron layer into the tissue.

The secondary particles contribute appreciably
to the dose at all depths considered.
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Incident Isotropically on Slab Shields, ORNL-TM-
1210.

7.3 CALCULATED FLUXES OF LESS THAN
50-MeV NEUTRONS DIFFUSING BENEATH
THE SHIELD OF A MESON
PRODUCTION FACILITY'

W. E. Kinney

Fluxes of neutrons of energy less than 50 MeV
which diffuse beneath an idealized shield for a
meson production facility were estimated by Monte
Carlo methods. Neutrons from a 400-MeV point
isotropic source impinged on the shield configura-
tion, where lower-energy neutrons were produced
by intranuclear cascades. Neutrons below 50 MeV
were then treated, and the fluxes were computed
by statistical estimation. The fluxes at 0, 5, and
10 ft behind the shield were calculated to be (2.7 &
0.8) x 10719, (3.6 £1.1) x 10~ ', and (1.4 £ 0.4) x
10=!! neutron ecm~2 (source neutron)™! respec-
tively. The flux at O ft produces an average whole-
body dose rate of 3.6 R/h.

References

1Abstract of ORNL-TM-1423 (Feb. 23, 1966).

7.4 ELECTRON-PHOTON CASCADE
CALCULATIONS AND NEUTRON YIELDS FROM
ELECTRONS IN THICK TARGETS!

R. G. Alsmiller, Jr. H. S. Moran

The electron-photon cascades induced in cylin-
drical targets of various sizes and materials by
electrons in the energy range 30 to 200 MeV were
studied, and calculations of the resulting neutron
yields are presented. These calculated yields are
compared with experimental yields, and approxi-
mate agreement is obtained.

References
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also published as ORNL-TM-1502 (1966). Work
partially funded by National Aeronautics and Space
Administration under NASA order R-104(1).
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7.5 SHIELDING CALCULATIONS FCR
HICH-ENERGY ACCELERATORS'

R. G. Alsmiller, Jr.

This is a review paper on existing high-energy-
accelerator shielding calculations that was pre-
sented as an invited paper at the First Symposium
on Accelerator Radiation Dosimetry and Experience,
Brookhaven National l.aboratory, November 3-5,
1965.

References

IAbstiact of ORNL-TM-1298 (Oct. 14, 1965).

7.6 TRANSPORT OF YERY HIGH ENERGY
MUORNS THROUGH THICK SHIELDS

R. G. Alsmiller, Jr. M. Leimdorfer

H. S. Moran

One of the many shielding problems associated
with high-energy accelerators, such as the pro-
posed 200-GeV accelerator, is the shielding against
mu mesons produced in the experimental area.!
The general situation is that of a proton beam
which interacts with a target to produce a variety
of particles, including 7 mesons and « mesons.
After leaving the target, the produced particles
travel through a drift space and then enter a shield.
In traveling through the drift space, an appreciable
fraction of the 77 and x mesons decay into muons.
The shielding thickness in the forward direction
with respect to the proton beam is usually deter-
mined by the muons formed in the drift space; that
is, the other particles which enter the shield may
be neglected. Muons do not undergo strong inter-
action, and for energies of less than 50 to 100 GeV
the primary mechanism of energy loss is the ioniza-
tion and excitation of atoms.?'® Thus the shield-
ing problem in the forward direction reduces to the
transport of high-energy muons, taking into account
only Coulomb interactions.

A Monte Carlo transport code for protons which
includes only Coulomb interactions but takes into
account range straggling and small-angle multiple
scatterineg has recently been written by Johansson
and Leimdorfer.*:5> By making the appropriate
changes in mass and stopping power, this code
has been adapted to muon transport calculations.

In Figs. 7.6.1 and 7.6.2 the calculated lateral
distribution of muons at depths of 30 and 55 m,
respectively, for the case of 100-GeV muons nor-
mally incident on a cylindrical shield of iron 80
cm in radius is shown. The solid histograms show
the lateral distribution of muons given by the
Monte Carlo code, while the dashed histogram in
Fig. 7.6.2 shows the lateral distribution of muons
given by the code when range straggling is ne-
glected. The solid curve marked ‘‘Eyges’’ shows
the Gaussian distribution given by the approximate
analytic theory of Eyges.® The solid curve marked
“Moliere’’ is obtained using the approximate theory
of Eyges but with a W? given by the multiple-
scattering angular distribution of Moliere.* At a
depth of 30 m, which is well below the range of
the incident particles, range straggling has no
appreciable effect on the lateral distribution. At
a depth of 55 m, the lateral distribution is affected
by range straggling. The number of muons per
incident muon which reaches this depth in the
target is 0.671 when range straggling is included
and 0.643 when range straggling is neglected.

In addition to changing the number of particles
which reach large depths, range straggling also
changes matkedly the energy distribution of the
particles at a given depth. InFig.7.6.3 the energy
distribution of the muons at a depth of 55 m is
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Fig. 7.6.2. Loteral Distribution of Muons at a Depth of 55 m in a Cylindrical Shield of Iron: 100-GeV Incident

Muons.
1074 ]
i |
100 ey Muons
E ) N i T
:
&
¢
Fig. 7.6.3.
shown. Without range straggling, all the muons

would arrive at this depth with an energy of ap-
proximately 1 GeV. One can specify only approxi-
mately the energy with which the particles would
arrive at this depth, because even without
straggling there is a slight spread in the energy
distribution due to the different path lengths
traveled by the various particles.

In the general accelerator shielding problem the
muons incident on the shield have both an energy
distribution and an angular distribution. - The
existing program is being modified so that calcula-
tions in this more general case may be carried out,
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7.7 PROTON SPECTRUM FROM NUCLEAR
COLLISIONS OF 1.7-BeV/c NEGATIVE
PIONS IN EMULSIONS

D. T. King!

Observations have been made on the tracks of
charged particles from 800 nuclear
collisions made in a stack of Ilford K5 emulsions
by a beam of 1.7-BeV/c negative pions from the
Lawrence Radiation Laboratory bevatron. The
be distinguished pro-
visionally as occurring in heavy (Ag, Br) or light
(C, N, O) nuclei, dependent on the number N,
of evaporation prongs; for Ag and Br, N, 2 6.
From a calibration of ionization on the tracks of
particles of known energy in the stack, the
relation between grain density, g, and velocity,
v = BC, in the range 0.5 < B £ 0.8 has been es-
tablished. For emergent particles with track
lengths in the emulsion exceeding 3.0 mm and

emergent

nuclear collisions may

velocities in this range, the protons can then be
distinguished from pions through an evaluation of
the multiple Coulomb scattering.? The energies
and polar angles of emission of 30 protons pro-
jected from 7~ collisions with Ag and Br nuclei
have been measured, and the data are presented in
the form of an energy vs angle scatter diagram in
Fig. 7.7.1. These data may be compared with the

predictions of nucleon emission derived from
Monte Carlo calculations of the intranuclear
ORNL-DWG 667222
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cascade in intermediate nuclei

energetic pions,

produced
3

by
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7.8 RADIOCHEMICAL CROSS SECTIONS AND
THE EFFECTS OF A FEW NUCLEAR
PARAMETERS FOR INCIDENT PROTONS AND
7~ MESONS IN THE 200-MeV
ENERGY REGION!

H. W, Bertini

Theoretical predictions were made for the cross
sections of a few (p,xpyn) reactions on C, Al, Cu,
and U targets in the energy range 50 to 400 MeV
A two-
step cascade-evaporation calculation was used in
which the diffuse nuclear surface was taken into
account. The results indicated that agreement to
within about 40% can be expected when the re-
action cross section is about 100 mb, but that the
agreement can be no better than by a factor of 3
when the cross section is about 10 mb. A
comparison with experiment for the (# 7,7 n) re-

and compared with experimental results,

action on carbon was made over the energy range
50 to 300 MeV, and the agreement was found to be
fair when the diffuse nuclear surface was in-
cluded. A method is suggested which differs {rom
the usual method for measuring the real part of the
optical-model potential for pions on carbon by
making use of the position of the peak in the
cross section for the (77,7 "n) reaction vs energy.

It is shown that the effect of increasing the
radius used in the calculation of the (p,pn) cross
section on carbon is more prominent than the
effect of changing the nucleon density distribution
for a given radius. Finally, results are given for
the dependence of the (p,xpyn) cross sections on
the in the calculation
between the cascade and evaporation processes,
which led to the conclusion that the Ilowest
transition energy gives the results most con-
sistent with experiment.

transition energy used
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7.9 A FEW COMPARISONS WITH EXPERIMENT
USING RESULTS FROM A PRELIMINARY
CALCULATION OF NUCLEON-NUCLEUS

REACTIONS AT ABOUT 700 MeV'

H. W. Bertini

The intranuclear cascade calculation for incident
patticle energies from 25 MeV to 2 GeV pre-
viously reported? is confinuing to undergo de-
bugging. The program is in operation, however,
and & few very preliminary results have been com-
pared with experiment, as illustrated in Figs.
7.9.1-7.9.3. They indicate a fair agreement with
experiment, which is encouraging.

The free-particle cross sections of all types
that are needed in the program are being brought
up to date. Concurrently the separate isobar
program is nearing completion., This program con-
sists of that part of the cascade calculation which
describes the production of pions?® in the particle-
particle collisions that occur inside the nucleus.
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spectrum for 77¥ emitted into the angular interval 0 to 10° from 700-MeV protons on carbon.
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spectrum for 777 emitted into the angular interval 0 to 10° from 700-MeV protons on carbon.

The program will be used to determine the accu-
racy of the model used to describe the production
processes and to help in determining the angular
distribution of the isobars.*
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7.10 ANALYTIC REPRESENTATION OF
NONELASTIC CROSS SECTIONS AND
PARTICLE EMISSION SPECTRA
FROM NUCLEON-NUCLEUS COLLISIONS IN
THE ENERGY RANGE 25 TO 400 MeV!

R. G. Alsmiller, Jr. M. Leimdorfer

J. Barish?

Using an intranuclear cascade model, Bertini
has generated a large amount of data on the non-

elastic cross section and the energy and angular
distribution of emitted neutrons and protons when
neutrons and protons in the energy range 25 to
400 MeV are incident on a variety of targets.3~7
The calculations are carried out by Monte Carlo
methods, and the data are presented in the form of
histograms which, of course, contain statistical
fluctuations. In order to make this large amount
of data more accessible and, insofar as possible,
to remove the statistical fluctuations, the data
have been fitted by the method of linear least
squares,

For both protons and neutrons in the energy
range 25 to 400 MeV incident on the elements C,
O, Al, Cr, Cu, Ru, Ce, W, Pb, and U, analytic
expressions are given for

1. the nonelastic cross section as a function of
energy,

2. the cascade® neutron and proton emission
spectra in the angular intervals 0 to 30° 30 to
60°, 60 to 90° and 90 to 180°,

3. the evaporation® neutron and proton emission
spectra (assumed isotropic),

4. the cascade neutron and proton emission

spectra integrated over all angles,

The cascade emission spectra integrated over all
angles can be obtained by summing the emission
spectira in the individual angular intervals. This
leads to functions which

procedure, however,



involve many more parameters than are necessary;
so separate fits for the angle-integrated spectra
have been obtained.

Both the nonelastic cross section and all particle
spectra have been represented by functions of the
form
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and the coefficients have been obtained by
minimizing the sum of the squares of the differ-
ence between the logarithm of the Monte Carlo
data points and the expression

v

Z a].Ej

v ) i=o
i
exp Z ajE ’ In fitting the cross section, v = 4 was, in general,
J=o used. In fitting the emission specira, v was taken
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to be 5 or to be the number of Monte Carlo
histogram intervals minus 2 when there were less
than seven intervals.® In many cases, however,
this large number of parameters led to unphysical
oscillations in the analytic functions. When this
occurred, the value of v was systematically re-
duced until a function which did not oscillate

excessively was obtained.

80

Comparisons between the Monte Carlo histograms
and the fitted curves are shown in Figs. 7.10.1--
7.10.3. 400-MeV
protons on aluminum averaged over an angular

The cascade neutrons from
interval of 0 to 30° and integrated over all angles
are shown in Figs. 7.10.1 and 7.10.2 respectively.
The evaporation neutrons from 400-MeV protons on
aluminum are shown in Fig. 7.10.3.
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7.11 TISSUE CURRENT.-TO-DOSE CONVERSION
FACTORS FORNEUTRONS WITH ENERGIES
FROM 0.5 TO 60 MeV!

D. C. Irving R. G. Alsmiller, Jr.

H. S. Moran

To assist in the evaluation of the hazard
associated with exposure to high-energy neutrons,
a Monte Carlo computer program was used to
calculate the energy deposition as a function of
depth in a 30-cm-thick slab of tissue resulting
from neutrons incident on the slab at energies up
to 60 MeV. The program treated nonelastic aand
elastic interactions, including evaporation proc-
esses and nuclear recoils, Cases of both normal
and isotropic incidence were calculated for
neutrons of 0.5, 2, 10, 18, 30, and 60 MeV. From
these data, current-to-dose conversion factors
were extracted for the average whole-body dose,
the dose at a 5-cm depth, and the maximum doses.
A set of quality factors was adopted for trans-
forming rad dose to rem dose.
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7.12 METHOD OF REPRESENTING TWO-
DIMENSIONAL DISTRIBUTIONS FOR
USE IN MONTE CARLO CALCULATIONS!

M. Leimdorfer J. Barish?

In an attempt to increase the efficiency of an
existing Monte Carlo program, the Nucleon
Transport Code (NTC),? for treating the transport
of high-energy nuclecns in matter, a method has
been developed which is intended to improve the
procedure for selecting combinations of the energy
and angle of particles released in nuclear inter-
actions, In the present form of NTC, the process
of particle emission from nucleon-nucleus col-
lisions is simulated by a Monte Carlo treatment of
the intranuclear cascade. In the proposed method,
the particle emission data obtained from the intra-
nuclear cascade calculations are represented in
the form of tables which are suitable for sampling
The power of the method lies in the
fact that the tables are constructed directly from

purposes,
the intranuclear cascade (Monte Carlo) histories.
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7.13 ENERGY PARAMETERS FOR LIGHT
NUCLIDES IN MONTE CARLO NUCLEAR
EVAPORATION PROGRAMS BASED
ON EVAP!

R. W. Peelle P. M. Aebersold

The Monte Carlo nuclear evaporation system
(EVAP) employed to estimate particle spectra



and radiochemical yields following calculated
intranuclear cascade reactions has been modified,
largely to improve the energy parameters for
nuclides lighter than sodium. Additional nuclear
masses have been added to the mass table for
light nuclides, and the Cameron mass function is
employed to give the mass difference between the
unknown mass and a nearby known one. For
nuclides "having neutron or proton numbers less
than 10, originally omitted correction parameters
were added in the mass function for shell and
pairing effects, Pairing energy corrections were
similarly supplied in these cases for the level
density estimation. Nuclei that are unstable to
particle emission are not allowed to be residual
nuclei, and when a nominal residual nucleus is
also one of the possible evaporated particles, it
is included in the spectrum of that particle without
any residual excitation. The kinetic energy of
each recoil nucleus is accumulated with the
approximation of evaporation at 90° in the center-
of-mass system. The effects of these changes are
discussed, with typical results used as illustration.
Except for the recoil calculation the changes had
more impact on estimated radiochemical yields
than on predicted particle spectra. Some radio-
chemical yield estimates were altered by a factor
of more than 10.

References

! Abstract of ORNL-TM-1538 (to be published);
work funded by the National Aeronautics and Space
Administration under NASA order R-104(1).

7.14 MONTE CARLO STUDY OF METHOD
FOR LUNAR (SURFACE) ANALYSIS
BASED ON SPECTROSCOPY OF GAMMA RAYS
FOLLOWING 14-MeV PULSED-NEUTRON
BOMBARDMENT'

M. Leimdotfer R. T. Boughner?

In an investigation of the feasibility of analyzing
the surface of the moon by gamma-ray spectroscopy
techniques, Monte Carlo calculations were per-
formed to estimate the spectral intensities of
neutron-induced photons leaking from the moon
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surface during various time intervals following a
burst of 14-MeV neutrons onto the surface. Four
sets of calculations were done, all based on the
lunar surface composition given by Urey and
Craig,® with varying amounts of carbon and
hydrogen (or deuterium) added. The four spectra
for the time interval 0 to 10~% sec following the
burst are all essentially the same, clearly showing
the inelastic de-excitation gamma rays from O, 5i,
Mg, and Fe, and also from C when that element
was present, The spectra for later time intetvals
(10~% to 105 sec, 105 to 10~* sec, and 10—*
to 10~3? sec) are predominantly capture spectra
dominated by iron capture gamma lines at 6.0 and
7.63 MeV and by the 2.23-MeV hydrogen capture
gamma line when hydrogen was present. An
examination of all the spectra indicates that,
calibrations are the
abundances of the various isotopes present on the
lunar surface can be determined by gamma-ray
spectroscopy techniques.

providing proper made,
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7.15 SPACE AND ACCELERATOR SHIELDING
INFORMATION COLLECTED BY RADIATION
SHIELDING INFORMATION CENTER!

R. G. Alsmiller, Jr.
J. Gurney?

F. S, Alsmiller

The collection of literature on shielding from
radiation occurring in space and near accelerators
was continued, and a bibliography was issued
(ORNL-RSIC-11).3 A collection of the abstracts
of the literature covered in the bibliography was
published as ORNL-RSIC-12.* A new service con-
sisting of the automatic and selective dis-
semination of the literature was initiated, so that
persons who provided RSIC with their field-of-



interest profiles were alerted as relevant literature
of space and accelerator shielding was placed in
the system.
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8. Experimental Studies for

8.1 STATUS OF THE 60-MeV CHARGED
"REACTION PARTICLE EXPERIMENT!

F. E. Bertrand? W. R. Burrus
R. W. Peelle N. W. Hil1®
T. A. Love B. Rust*

An experiment has been proposed to study the
mass and energy spectrum of charged particles
produced by bombardment of targets by ~60-MeV
protons.® It is the purpose of this summary to
describe the current status of the experiment.

In general, nearly all physical, electronic, and
detector systems are complete, and it is expected
that preliminary data leading to charged-particle
cross sections will be obtained by late summer.
Several days of cyclotron time have been used to
the detector and electronic systems. A
description of the status of the various components
follows.

An existing 48-in.-diam scattering chamber has
been extensively modified to suit the needs of this
The chamber, now in use, contains
the following features: two remotely rotatable
detector tables, a multiple target holder with
remotely adjustable angle, a beam level port at
+20° used for continuous scattered beam monitoring
with an Nal(Tl) detector and a beam level port at
~20° used for continuous beam energy monitoring
using a range wheel,® a collimator design such
that approximately 6° minimum scattering angle
may be safely studied, a Faraday cup for beam
intensity monitoring, and a coaxial beam pickoff
for beam pulse monitoring and for timing signals.

As was previously reported, the detector system
consists of two thin silicon AE detectors and a
germanium total-absorption detector. An enerpy
resolution of 0.2 to 0.3% and a peak-to-total ratio
of ~0.94 for 60-MeV protons have been obtained
using two different lithium-drifted germanium de-

test

experiment,
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tectors. The details of the use of such detectors
for intermediate-energy protons ate reported else-
where.” The detector is held in a ““cold finger”’
mount which cools the detector to ~85°K and
allows a covering over the detector of only 2
mg/cm? of nickel. The nickel is the only dead
layer in the beam other than 2 mg/cm? of germanium
dead layer. Two AE counters, a 500- and a 200-p
silicon surface-barrier detector, have been ob-
tained which give resolution of less than 40 keV
for 5-MeV alpha particles when operating at over
twice depletion voltage,

Collimation for the delector system is provided
by a 0.375- by 0.120-in. slit in a 1-mm-thick piece
of NE-102 organic scintillator which serves as an
anticoincidence detector.  The entire detector
system is mounted on a rotating table such that a
50-cm flight path is available and such that the
spacing between detectors is a minimum to reduce
multiple scattering losses.

The logic system is designed to use both fast
and slow signals from all detectors. The fast
signals will be used for all coincidence and
anticoincidence gating. All fast amplifiers (which
have a rise time as fast as 1 nsec) and slow
transistor preamplifiers are mounted inside the
Design of these units is well
advanced, and models have been tested under ex-

vacuum chamber.

perimental conditions and found to have stable
gain in vacuum (drift from slow system <0.1%).
Nearly all fast- and slow-logic components have
been tested.

The data acquisition system consists of two
2048-channel analyzers and one 512-channel and
one 256-channel analyzer. The over 40 bits of
information available are read through an appropri-
ate interface into a PDP-8 computer which will do
preliminary analysis, write data on IBM-compatible
magnetic tape, and give various on-line displays.
The computer has been in use for a few months,



and at present the 2048-channel analyzers are
interfaced with the computer and in use.
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8.2 PROPOSED MEASUREMENTS OF
SECONDARY NEUTRONS FROM TARGETS
BOMBARDED BY 600-MeV PROTONS'

W. A. Gibson J. W. Wachter
V. V. Verbinski

As an extension of the program at ORNL to study
the secondary nucleon production in the interaction
of medium-energy protons with complex nuclei,
an experiment to measure neutrous produced by
600-MeV protons on complex nuclei is being
planned for the NASA cyclotron at Langley,
Virginia. This experiment will be divided into two
parts: measurement of neutron spectra at small
angles, 0 to 5% in the energy range 100 to 600 MeV
and of neutron spectra at several angles between
0 and 150°in the energy range 2 to 50 MeV. Since
the primary purpose of these experiments is to
provide data to make comparisons with the ORNL
Monte Carlo calculations of cross sections, the
angle and energy tegions were chosen to provide
data in the areas where the calculations, up to this
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time, have had the least verification. Several
targets, approximately 10 g/cm? thick, from carbon
to bismuth will be used.

The high-energy neutron measurements will be
made as indicated in Fig. 8.2.1. The 600-MeV
proton beam will be focused on a target and, after
passing through the target, will be bent by magnet
A into a beam dump. The neutrons emitted at

small angles will pass into the hydrogenous
radiator, and a small fraction will produce recoil
protons with an energy (ignoring mesons)

o 2
E cos 6

E - ,
P14 (E /2Mc?) sin® 6

where Ep and £ _ are the energy of the proton and
respectively, M is the mass of the
nucleon, and € is the angle between the path of
The
recoiling at small angle will be focused
by the quadrupole and bending magnet B on
counter 3. The degree of bending by magnet B
will be a measure of the recoil proton energy.
Counter 2 will be placed in coincidence with
counter 3 to reduce background counts. Counter 1
will be placed in anticoincidence with counters 2
and 3 to reject charged particles entering the
radiator. The energy resolution of the system will
be about 5%.
same momentum as the protons will also be
focused on counter 3. These lighter paiticles will
be separated from the protons by dE/dx separation

neutron,

the incident neutron and recoiling proton.
protons

Positrons and mesons with the

in the last counter.

If the measurements prove to be satisfactory,
measurements at larger angles will be attempted.

The neutrons in the energy region between 2 and
50 MeV will be studied by recording the pulse-
height spectra produced by recoil protons in a
liquid organic scintillator. The neutron spectra
will be obtained from the pulse-height spectra by
an unfolding procedure.? Incident charged particles
will be rejected by an anticoincidence counter
(see Fig. 8.2.2), and gamma rays will be rejected
by pulse-shape discrimination. It is hoped that
the time width of the proton bursts from the
cyclotron will permit pulses produced by high-
energy neutrons in the scintillator to be eliminated
by time-of-flight. The response of the spectrometer
to these high-energy neutrons is not known, and
therefore the resulting pulses must be treated as a

background. Since this spectrometer will have
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relatively high efficiency, it is hoped that data
may be gathered for a large number of angles and
targets.
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8.3 SECONDARY NUCLEON ENERGY SPECTRA
FROM TARGETS BOMBARDED BY
HiIGH-ENERGY PROTONS!

J. W. Wachter W. R. Burrus
W. A. Gibson

The analysis of the secondary neutron and
proton spectral data obtained with a proton recoil
(see Sect. 0.7) viewing targets
bombarded by 160-MeV protons is nearing com-

pletion. These measurements were made on several
2,3

spectiometer

elements and have been discussed previously.
Comparisons have been made with the theoretical
calculations of Bertini* and Kinney.5 However,
refinements have been made in the ex-
perimental

several
data analysis codes, and as a con-
sequence the agreement between theory and ex-
periment has been improved. These refinements

included an improvement in the fit between proton
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have been adjusted as outlined in the text.

Theoretical and Experimental Neutron

The theoretical data

energy and corresponding pulse height from the
spectrometer and an improvement in the calculated
response of the spectrometer to neutrons. The
spectra presented here also are a result of
combining data three different
thicknesses of recoil proton radiators, whereas
the previous data were for one radiator only. Some
of the final results are presented in Figs. 8.3.1
and 8.3.2 for targets
sufficiently thick to stop the primary proton beam.
The data were analyzed using the SLOP code,®
and the spectra have an energy resolution of 25%
associated with them. The bands represent the
67% confidence interval. The theoretical results
have been adjusted in the following manner to

obtained for

neutrons emitted from

compare with the experimental spectra:

1. The calculated spectra have been smeared
with a Gaussian energy distribution to correspoud
to an energy resolution of 25%.

-3 ORNL.- DWG 66 - 5601

10 o LU T T T -
I T f T L l T . S
s |7 0 7753 10° CALCULATION
e e 222 40° EXPERIMENT —- -
2 [
0° 2 /I o
5 P - -
"‘ -
£ 2 3,
° 28
a — 7 .
. 105 %‘ : - =
I> T T 'f/////i 2N 1
2 s § 45° CALCULATION — s
= [ e 45° EXPERIMENT
C
5 I S S
g ? ‘
S -6 I
S0° b e - i —
‘Ié’ _ -7
£ s =
2 S | T]
> —
Q)
c
2 I
10-7 7777777777 S L 41
o o I
2 ,,,,,,,, S . i
o8 1 -
30 50 70 30 "o 130 150 70

£ (MeV)

Fig. 8.3.2. Theoretical and Experimental Neutron
Spectra at 10 and 45° from /14.33-g/c:m2 Bismuth Target
Bombarded by 160-MeV Protons.

have been adjusted as outlined in the text.

The theoretical data
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2. The angular resolution of the calculation was
chosen to be 10° so as to be similar to that of the
spectrometer,

3. The source was of finite size, and the angular
region accepted by the spectrometer varied from
point to point. The calculation was modified to
include the effect of a finite size source.

In addition to the above experimental spectra,
proton data obtained for similar configurations are
also being analyzed.

Measuremenis of the secondary neutron and
proton spectra from elements bombarded by 450-
MeV protons were reported previously.” Con-
siderable improvement has been made in the
analysis techniques, and final results are being
calculated.
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8.4 SECONDARY GAMMA RAYS FROM PROTON
AND ALPHA BOMBARDMENT OF LIGHT- TO
MEDIUM-WEIGHT NUCLE}'

W. Zobel
F. C. Maienschein

G. T. Chapman
J. H. Todd?

Analysis of the secondary gamma-ray data taken
at the OQak Ridge Isochronous Cyclotron with 16-,

33-, and 56-MeV protons and 58-MeV alpha
particles on targets ranging in weight from “Li to
Fe has been continued. As was mentioned in the
last annual report,® some difficulties were en-
countered in reducing the data obtained with the
spectrometer in the total absorption mode, but
they have been resolved with the availability of a
revised version (FERD) of the original analysis
program (SLOP), and reduction of the data is in
progress.

For the data taken with the pair spectrometer,
the original analysis program continues to give
satisfactory results, as it did for the earlier data
obtained with 160-MeV protons.*'® Reduction of
the data for 16~ and 33-MeV protons has been com-
pleted, and reduction of the data for 56-MeV
protons and 58-MeV alpha particles is proceeding
smoothly.

Cross sections obtained from the analysis of the
pair spectra for the production of various gamma
rays in targets of Be, C, O, and Al by incident
protons of 16.1 + 0.2 and 33.1 + 0.3 MeV are com-
pared with those determined for similar targets
bombarded by 160-MeV protons® in Tables 8.4.1—
8.4.4. In each case the angle of emission of the
gamma ray is 135° to the incident proton beam.
The proton energies shown in the tables are the
average values in the targets, and all results
shown have been corrected for self-absorption of
the gamma ray in the target.

For beryllium (Table 8.4.1) the most prominent
gamma ray that was observed for an incident
proton energy of ~ 160 MeV was that arising from
the Be(p,a){Li reaction and having an energy of
3560 keV. This gamma ray was also the most
intense at the lower proton energies. Gamma rays
with energies of 5350 and 5675 keV (not included
in the table) were obsetrved for the 160-MeV incident
protons, but they were not seen at the lower en-
ergies. A weak line at 7700 keV was observed
only for the 33-MeV protons.

The results for carbon are shown in Table 8.4.2.
As was the case for beryllium, not all the gamma
rays were observed at all three incident proton
energies. Gamma rays of 2870, 3368, 5031, and
8920 keV were observed at 160 MeV but not at the
lower energies.

In the case of oxygen (Table 8.4.3), a 2700-keV
line was observed at the two lower energies, but
there is no evidence for it at 160 MeV, which is a
teversal of the trend observed in the other cases.
The targets used for the 160- and 33-MeV runs were
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Table 8.4.1. Measured Energies and Cross Sections of Secondary Gamma Rays Produced

in a Beryllium Target Bombarded by Protons

Incident Gamma-Ray Production

Gamma-Ray Energy Possible Transition

Cross Section

Proton Energy

(MeV) (ke V) (mb) Reaction Energy (keV)
146 3575 t15 2.02 +0.91
31 3480 85 3.13 £1.81 3Be(p,a)§Li 3560
14.7 3490 t75 6.75 T1.01
146 4390 +38 0.72 ¥0.34
31 4490 =95 1.98 t1.15
14.7 4410 85 1.70 £0.74
146 6250 +35 0.46 10.22
31 6200 t115 2.64 £1.21 3Be(p,a)§Li*a 6190
14.7 6180 100 1.77 £0.62

ZAsterisk denotes transition between excited states.

Table 8.4.2. Measured Energies and Cross Sections of Secondary Gamma Rays Produced

in a Carbon Target Bombarded by Protons

Incident Gamma-Ray Ener Gamma-Ray Production Possible Transition
Proton Energy y gy Cross Section
(MeV) (keV) (mab) Reaction Energy (keV)
145 2014 = 40 5.44 t 1.99 12 11
et 1990
30.3 1950 & 70 12.50 £ 86
+ + ,
145 4480 = 50 11.40 = 4.1 1§C(p,p )lzc 4433
30.3 4370 + 95 91.50 t11.1 and/or
12 11
14.6 4340 +140 265.00 £21.0 sC.2p) " ;B 4460
145 67507 3.03 £ 1.09
30.3 6650 23.6 t 37

a
Average energy for several gamma rays, not resolved.
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Table 8.4.3. Measured Energies and Cross Sections of Secondary Gamma Rays Produced in an

Oxygen Target Bombarded by Protons

Incident Gamma-Ray Production

Gamma-Ray Energy Possible Transition

Proton Energy Cross Section

(MeV) (keV) (mb) Reaction Energy (keV)
145 2320 + 25 6.7 L 3.0 A
1:0(p,2p11)17N 2311
28 2 2230 % 70 76 % 5.6
28.2 2700 75 3.7+ 3.6
150p,p )t 8ox? 2740
12.1 2700 L 70 16.2 £ 7.3 8 8
145 4430 + 30 158 £ 5.7 _
ISO(p,pfl)lgc 4433
28.2 4340 1 95 83.4 £13.2
145 5260 + 25 12.0 * 4.9 1§O(p,pn)1§o 5240
and/or
28.2 5200 *105 512 % 8.0 lgo(p,Zp)I;N 5276
145 6290 & 3% 55.6 £19.7
28.2 6100 +£115 101.0 114 lgo(p,p’)lgo 6140
12.1 6170 100 79.6 £11.1
145 7100 4 50 123t 4.4
28.2 6960 1125 40.8 + 5.8 ‘gO(p,p’)lgo 7120
12.1 7050 +100 46.6 + 6.9

9 Asterisk denotes transition between excited states.

Table 8.4.4. Meosured Energies ond Cross Sections of Secondary Gamma Rays Produced in an
Aluminum Target Bombarded by Protons

Incident Gamma-Ray Production

Gamma-Ray Energy Possible Transition

Proton Energy Cross Section

Me V) (keV) (sb) Reaction Energy (keV)
145 2250 25 7.3+ 0.2
30.0 2200 * 70 49.7 £33.4 fZAl(p,p’)ngl 2219
14.4 2200 +65 152.0 +33.0
145 2770 t50 10.7 + 8.4
ngL(p,a)zi‘;Mg**‘ 2753
14.4 2750 +70 14.3 t12.1
30.0 2950 +80 17.0 119
14.4 2980 70 88.0 t23
145 3400 120 2.2 +5.1 27 25
13A1(p,2pn)12Mg 3410
30.0 3380 t 85 6.0 t11

9 Asterisk denotes transition between excited states.



water, but a BeQ target was used for the 16-MeV
run because of mechanical problems associated
with preparing a sufficiently thin water target.
The contribution due to the beryllium was sub-
tracted from the results.

As was noted in the report on the 160-MeV data,’
aluminum was the lightest target in which a con-
tinuum was observed to underlie the discrete line
structure, The cross sections quoted in Table
8.4.4 for the various lines have been corrected by
subtracting this continuum. No gamma rays with
energies greater than 3410 keV were observed for
33- and 16-MeV incident protons.
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8.5 BEAM ENERGY MEASUREMENTS AT THE
OAK RIDGE ISOCHRONOUS CYCLOTRON

R. T. Santoro
F. E. Bertrand?

T.A. Love
R. W. Peelle
Measurements have been made of the beam
energy of the Oak Ridge Isochronous Cyclotron for
protons at acceleration frequencies of 17.04 and
21.22 Mc, H, " jons at 11.32, 11.91, and 12 61 Mc,
and alpha particles at 11.32 Mc. The energy was
determined from measurements of the particle
pathlength in aluminum using a remotely controlled
range wheel to vary the absorber thickness. Ex-
perimental results are given in tabular form. A
curve of measured proton energy as a function of
tf acceleration frequency is included.
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8.6 EVALUATION OF QUIKTRAN REAL TIME
COMPUTER TERMINAL'

W. R. Burrus

Within the next few years, individual desk-top
computer input/output terminals are expected to
become widely available at a price competitive
with conventional desk calculators. Looking
ahead to the time when such facilities could be
made available through a local centralized
computer center, we acquited a commercially
available real time computer terminal (IBM’s
QUIKTRAN) in June of 1965. We wanted to
evaluate its effectiveness on typical Division
problems and to make it available to all interested
persons to develop an awareness of its limitations
and potentialities.

‘The operational characteristics of our QUIKTRAN
terminal are summarized below:

Input: ‘Lypewriter keyboard at typing speed
IBM cards at about 10 cards/min
Punched paper tape at about 5

characters/sec

Output: Typewriter printer at about 5 lines/min

IBM cards at about 10 cards/min

QUIKTRAN — a subset of FORTRAN.

Its major inconsistency is that arrays

Language:

are not permitted as subroutine argu-
ments; compiling is done one line at a
time, which allows powerful debugging
and error correction to be done during

execution

Speed: Approximately ten arithmetic operations

per second

Storage
Capability: Approximately 50 modest-size prograts

or approximately 60,000 words of data



The terminal, which is now available for 4 hr
during the afternoon, was initially used about 30
hr per month and is now being used about 45 hr
per month. The terminal is used on an informal
(signed for in advance) basis and is seldom signed
for more than one or two days in advance.

One of the important results of our evaluation is
that we now have a realistic idea of the extent of
interest remote terminals, At installation,
petsonnel from our division, from both computing
centers, and from other divisions were invited to
use the terminals for evaluation on their problems.
To date, about 26 persons have used the terminal
for an hour or more:

in

10 from our own division,
15 from other divisions, and one from a computing
center, Encouraged by these evaluations, three
other groups have initiated proceedings to obtain
similar service.

The problems which have been run were usually
of the following types:

1. Problems which would ordinarily be run on a
desk calculator and require 4 to 8 hr of time. —
These are usually not sent to one of the com-
puter centers because of the several days of
delay in getting a program debugged and run.
Such programs were typically debugged and run
on QUIKTRAN in less than an hour. Approxi-
mately 20% of the time has been used for such
jobs.

Applications which require quick answers in
otder to evaluate the progress of an experi-
ment. — Several potential applications have
been programmed for QUIKTRAN, but its speed
is too slow by a factor of at least 10 for many
applications.  Also, the paper-tape reading
equipment is very inflexible and could not
accept any of our standard formats.

. Debugging of FORTRAN programs which were
to be run later at one of our computer centers. —
It has become common practice for a program
that is needed in a huiry to be tested: on
QUIKTRAN before submission. QUIKTRAN is
also useful for leisurely debugging of longer
programs, but the program restrictions proved
to be awkward. It became especially clear
from the experience of outr novice programmers
that QUIKTRAN is a very effective teacher.
Approximately 70% of the time has been used
in this way. :
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Retrieval of frequently used information. —
Programs were incotporated into the system for
providing gamma-ray cross-section data (from
G. W. Grodstein’s data by interpolation), for
neutron cross sections, and charged-particle
stopping power. The gamma-ray cross-section
program was seldom used, however, because
looking up the information in Grodstein:(and
it graphically) proved to
quire less time than the 1 or 2 hr waiting time
required to obtain a QUIKTRAN terminal. Some
success was obtained with charged-particle
stopping powers (which are not quite so easy
to look up in a report), but the neutron cross
section proved to be intractable because of the
limited storage ability of QUIKTRAN.

interpolating re-

Some programs that are presently in the system
storage are the following:

1. Range and dE/dx for protons in various ma-
terials (from Bethe Block formula with em-
pirical shell corrections).

2. Pulse-height data manipulation from standard
BSF card format.

3. Demonstration information retrieval program
which retrieves titles from a list of 30 papers
by multiple keywords (Metals and Ceramics
Division).

4. Programs for plotting results on printer.

5. Least-squares routine which will accommodate
up to 20 variables and 1000 knowns (executes
concurrently with input).

6. Gamma-ray spectrum unfolding code (200-
channel spectrum in about 20 min).

7. Critical-path (PERT) program (supplied by
IBM).

8. Coordinate geometry for engineering problems
(supplied by IBM).

9. Conversational matrix manipulation language
program (supplied by IBM).

10. Solid-angle acceptance factors for disk and

cylinder sources.

In addition, there are approximately 40 debugged
QUIKTRAN programs to interpolate, integrate, etc.,
which are available at the console on card decks
for combining into larger programs.

Our evaluation has been successful enough so

that we can now see the next logical step. It



appears that we should seek a more advanced
system for further evaluation with the following
characteristics:

1. The
pensive that they can be located wherever

terminals should be sufficiently inex-
needed, in the same manner that desk calcu-
lators are utilized. This puts about a $50/month
ceiling on the hardware cost of adding an
additional terminal to the system.

The language should be upward and downward
compatible with one of the standard languages
available at our computer centers,

The arithmetic speed should be at least 100
operations/sec.

The system should be open-ended, and should
allow machine language routines to be entered
by the user from his console,

An optional graphic feature (for displaying
curves of experimental data, etc.) comparable
in cost to the basic terminal should be made
available.

Each user should have about 10° words of
storage available to him for programs and data.

The terminals should be portable; that is, they
should be capable of being disconnected like
an extension telephone, and moved from one
experiment or office to another,

From the operational experience with QUIKTRAN,
we can postulate that the present demand is for
about 16 terminals within the Neutron Physics
Division, and perhaps 20 within other divisions
and the computer centers. In our division, we
anticipate that the individual terminals would be
used from a few minutes per day to perhaps 4 hr,
with the average being about 1% hr per day per
terminal.

There are many questions concerning the po-
tential efficiency or inefficiency of computer
terminals, and they can be answered only by ex-
perimenting with the terminals in the context of
the special problems involved. Some advantage
might result from extending the experimentation to
a larger group of persons,but a larger group cannot
move as fast or with as great flexibility as a
group. The deciding factor is whether
there is sufficient interest outside the division to

smaller

lead to some initiative,
There appears to be no technical, economic, or
equipment constraint that would prevent us from
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obtaining a system with all the characteristics
desired by the end of the year.
that any hardware obtained would be either leased
or purchased. In the latter it must be
compatible with subsequent local de.elopments,

It is expected

case,
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8.7 MEASUREMENTS OF (p,n) NEUTRON-
PRODUCTION CROSS SECTIONS FOR
18.5. AND 15.1.McY PROTONS ON Be,

N, Al, Fe, In, Ta, AND Pb AT
ANGLES OF 0 TO 170° AND NEUTRON
ENERGIES ABOVE 0.8 MeV!

V. V. Verbinski
M. Young?

W. R. Burrus

Measurement of (p,n) interactions for a number of
target materials was initiated last year in order to
provide direct shielding data for spacecraft passing
through the Van Allen belt and, more generally, to
test neutron-production calculations at lower pro-
ton bombarding energies, where the accuracy of
the calculations has not been determined. Cross-
section measurements for neutrons emitted at up
to seven angles between 0 and 170° were obtained
for neutrons above 0.8 MeV from 18.5- and 15.1-
MeV protons on Be, N, Al, Fe, In, Ta, and Pb.
These neutron measurements were made with a
proton-recoil scintillation spectrometer which used
a 2-in.-diam by 2-in.-high liquid organic scintil-
lator and an unfolding technique which converts
pulse-height spectra to absolute neutron spectral
intensity. A number of difficulties have recently
been cleared up, and the spectrometer has satis-
factorily passed a series of tests, some of which
are described in Sect, 6.4.

Cne of the difficulties with the spectrometer
related to the nonreproducibility of results when
either the photomultiplier tube base or (even) the
photomultiplier tube was changed. This difficulty
was traced to pickup at dynode 10 of the much
larger signals existing at dynode 14 and anode.
The latter signals intentionally show a saturation



effect for
rejection pulse-shape discriminator.

optimum operation of the gamma-
This diffi~
culty was cleared up eventually by taking the
linear signal from dynode 11, improving the
grounding arrangement, shielding the linear signal
from the higher dynodes, and moving the pulse-
shape discriminator circuitry closer to the ground
Three different tube base constructions
with the above improvements included were then

plane.

found to provide results that were satisfactorily
reproducible.

Unfortunately, the (p,n) measurements had been
made with an unsatisfactory tube base. But
fortunately, a Po-Be pulse-height distribution was
measured with the old base at the time that the
(p,n) measurements were made. Comparison of
that pulse-height distribution with one obtained
with a clean base provided a small but significant
correction to the earlier pulse-height distributions,
a cotrection for the nonlinearity produced by
pickup signals. A simple correction code was
written and has been applied to the (p,n) data, and
the neutron energy spectra and cross sections are
being computed from the raw data at the time of
this writing,.
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8.8 7Be(x,n) NEUTRON-PRODUCTION CROSS
SECTIONS vs NEUTRON ENERGY AND ANGLE
FOR 6- TO 10.5-MeV ALPHA PARTICLES'

V. V. Verbinski
J. K. Dickens

W. E. Kinney
F. G. Perey

Measurements of the °Be(a,n)!2C cross sections
for alpha particles between 6 and 10.5 MeV were
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reported in part previously,” Hand-processed data
for 0° cross sections and excitation functions were
shown. This was done for the (a,n ) or ground-
state neutrons, and also for the (a,nl) neutrons,
because these neutrons were well separated in
energy from each other and from other neutrons,
and gave rise to two distinct plateaus in the
puise-height distribution at the highest pulse
heights. Some preliminary results unfolded with
the FERDO code developed by Burrus showed that
the (a,nz) neutrons could easily be unravelled.
Since this type of spectrometry had not until
recently passed a number of stringent tests, the
FERDO code could not be used with confidence to
process the eatlier data. Some of these difficulties
are discussed in Sect. 8.7 énd also in Sect. 6.4.
The data are being processed at the time of this
writing, and the double differential cross section
at alpha-particle bombarding energies of 6 to 10.5
MeV should soon be completed. These cross
sections will be angle- and energy-integrated
(above about 0.8 MeV) and compared with those
obtained by Gibbons and Macklin,® who used a
45 graphite-moderated long counter. A preliminary
comparison of their results with ours indicated
that an abundance of low-energy neutrons is given
off at higher alpha-patticle enetgies, possibly
leading to three- or four-body breakup [i.e.,
°Be(a,na’)®Be »n +3al.
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9. Radiation Detector Studies (i)

9.1 MULTIPLE COULOMB SCATTERING INTO A
DETECTOR IN CHARGED-PARTICLE
COINCIDENCE MEASUREMENTS BETWEEN
REACTION PRODUCTS'

R. W. Peelle

Assuming that ithe particles which strike a cir-
cular detector have been displaced by multiple
Coulomb scattering according to a bivariate normal
density function, this note displays the fraction of
the detected particles which if undeflected would
have strnick the detector plane outside a circle of
specified larger radius. The problem is solved
exactly by numerical quadrature and is solved ap-
proximately if the rms displacement caused by the
scattering is much less than the detector radius.
The latter form may be employed for noncircular
detectors.
wide range of cases.

The results of this calculation are applicable to
experiments in which the output particles from a

Numerical results are compared for a

binary teaction are observed in coincidence, Multi-
ple scattering in the target or in an interposed
material causes some of the charged particles
striking the first detector to have conjugate par-
ticles outside the kinematically prescribed cone
which maps the first detector in the plane of the
second, and so the second detector must be larger
than would be estimated with multiple scattering
ignored. This correction is important to scintillator
neutron efficiency measurements by the D(T,4He)n
reaction, and should apply to other experiments
where coincidence detection is used to define the
reaction being studied. The results are tentative
in that the normal density function is not a very
accurate description of the multiple scattering.
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9.2 ATOTAL-ABSORPTION DETECTOR FOR
60-M2V PROTONS USING LITHIUM-DRIFTED

GERMANIUM!
F. E. Bertrand? R. J. Fox3
R. W. Peelle N. W, Hill®
T. A. Love H. A. Todd?

A lithium~drifted germanium diode has been used
for total-absorption detection of 59-MeV protons
from the Oak Ridge Isochronous Cyclotron. The
detector is 1.9 cm in diameter, has a depletion
depth of 6 mm, is cooled to less than 85°K, and is
sealed in an aluminum can with a 0.0026-in.-thick
window. The diode was oriented so that the protons
entered in a direction parallel to the detector junc-
tion.

The energy resolution attained for 59-MeV protons
was 150 keV (FWHM), nncorrected for energy strag-
gling in windows of 76 keV, for approximately 60
keV of beam resolution, and for electronic noise,
The peak-to-total ratio, determined by using an
anticoincidence collimator, was as high as 0.94,
which is comparable with 0.96 observed elsewhere®*
for Nal. When the collimator was moved along a
line parallel to the junction and perpendicular to
the beam, the energy resolution and peak-to-total
ratios remained constant within the experimental
As the
collimator was moved in a direction perpendicular

accuracy over a 10-mm scanned distance.



to the junction and toward the depleted material,
the peai-to-total ratio decreased, as was expected
from multiple-scattering calculations.

When the diode was connected by a 125-Q termi-
nated coaxial cable to a fast amplifier, a rise time
of 4 to 5 nsec was observed. Since the protons
entered the detector parallel to the junction, pic-
tures obtained show the superposition of nearly
rectangular current pulses arising from hole and
electron collection. The length of the pulses is
correlated with the point of incidence of the col-
limated beam. The mobilities of the charge car-
riers as calculated from the measured collection
times and a knowledge of the location of proton
incidence are 13,000 cm?/Vsec for the electrons
and 9800 cm?/Vsec for holes for a detector bias of
500 V. With detector biases of 200 and 700 V, the
mobilities are 60% higher and 30% lower respec-
tively,
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9.3 TEMPERATURE DEPENDENCE OF THE
RESPONSE OF LITHIUM-DRIFTED GERMANIUM
DETECTORS TO GAMMA RAYS'

M. M. El-Shishini? W. Zobel

While it has generally been stated that lithium-
drifted germanium detectors must be operated at
liquid-nitrogen temperature for optimum perform-
ance, no systematic investigation to prove or dis-
prove this statement has been reported. The closest
experiment is that of Tavendale,® who, however,
investigated the resolution as a function of temper~
ature for only one low-energy gamma tray.

We have investigated the resolution and effi-
ciency of two lithium-drifted germanium detectors,
approximately 20 mm in diameter and 3 mm thick,

97

as a function of detector temperature in the range
85 to 160°K. Gamma-ray energies ranged from
279 keV (*°*He) to 1333 keV (*°Co). We found
that, contrary to the results of Tavendale, the
resolution of the detectors had a pronounced peak
at about 105 K. The origin of this peak is at
present unknown, but is not due to changes in
diode capacitance or leakage current. The effi-
ciency of the diodes is approximately constant
for each energy over the temperature range.

Since both detectors were cut from the same
germanium ingot, it is possible that these results
are peculiar to these detectors. It is therefore
proposed to repeat the experiment with a detector
produced from a different germanium ingot, as soon
as such a detector becomes available,
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9.4 SIMULTANEOUS CONNECTION OF FAST-
AND SLOW-AMPLIFIER SYSTEMS TO
SEMICONDUCTOR SYSTEMS!

N. W. Hill? R. W. Peelle

Experiment designs often require the time infor-
mation contained in the signals from semiconductor
detectors as well as the customary information on
the amount of deposited energy. For example, the
timing information is important to scintillator cali-
bration using semiconductor detection of helium
recoils in coincidence with neutrons from the
T(d,n)*He or D(d,n)*He reactions,® and both types
of information are needed for charged-particle
identification and spectrometry in current studies
of secondary charged particles from 60-MeV inci-
dent protons.*

Measurements of deposited energy in semicon-
ductors usually depend on observation of the total
charge release by the event, using charge-sensitive



preamplifiers designed for stability and low noise
rather than for rapid response. Since the time
interval required for full collection of the charge
carriers depends on the position of an event in the
detector, the least ambiguous timing information
lies in the first movement of charge carriers in the
semiconductor. Sensing this first voltage change
across the diode requires amplifiers and signal
connections which allow fast transient response
with minimum noise, although stability need not
be perfect.

We have attempted to determine which amplifier
and signal connection configurations give good
overall performance for the various types of semi-
conductor detectors in use. Most of our work has
been concerned with either thin (about 200-y, 100-
pF) totally depleted silicon surface-barrier diodes
or thick (6~-mm, 20-pF) lithium-drifted germanium
diodes. The criteria for system design have been
clean fast signals with minimum noise for the
signal rise time, slow amplifier resolution and
stability essentially unhampered by the presence
of the fast system, and the ability to operate at
least some of the amplifiers at a distance from the
detector, which often seems to be required by the
geometry of accelerator experiments.

The two types of detectors considered represent
to the
signals produced at the detector. A 200-y silicon
detector, particularly if chilled to dry-ice tempera-
ture, has an electron collection time as short as
1 nsec, shorter than the corresponding discharge
time of the ™~ 40-pF diode into a 50-Q coaxial cable
and comparable with the available rise times from
existing fast transistor amplifiers with a gain of
10% or greater. The germanium detector, on the
other hand, has collection times in the neighbor-
hood of 100 nsec for a 6-mm compensated region;
so the rise time of the resulting pulse depends
directly upon the impedance of the discharge path.
A rise time of about 5 nsec has been observed?®
using a terminated 125-Q) system with no slow

interesting extreme cases with respect

amplifier connection.

No satisfactory approach for good time and energy
resolution is readily apparent without a fast and a
slow amplifier channel. Though other design
choices are possible,®”® we have employed charge
amplifier circuits derived from conventional de-
sign,'? current-mode fast amplifiers with low input
11~13 and connection schemes in which
each amplifier is connected to the diode withont

impedance,
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intervening active elements. Within this frame-
work we have considered the effects of each am-
plifier on the signal-to-noise ratio of the other and
the effects on the fast signal shape and amplitude
of reflections along coaxial lines connecting the
detector to either amplifier, of the feedback signal
from the output of the charge-sensitive slow am-
plifier, and of the resonant circuit consisting of
the diode capacity and the connecting lead induct-
ance damped by the fast-amplifier input impedance.

Figure 9.4.1 illustrates a fairly successful ar-
thin silicon detectors,
that both sides of the mount are accessible and
that the slow amplifier (which cannot terminate
any cable) can be mounted very close to the de-
tector. The transformer coupling to the fast ampli-
fier, which has av input impedance of about 10 Q,

rangement for assuming

is arranged to provide proper damping of the series
resonant circuit of the diode and its connections,
to give the maximum current into the fast amplifier,
and to reduce noise fed into the slow system. If
a cable connects the slow amplifier to the diode,
the ratio of primary to secondary transformer turns
must be chosen to match this cable impedance for
the fast rise time portion of the pulse. Minimum
rise times were observed when the transformer
could be cmitted., The fast signal in Fig. 9.4.1
appears across the slow amplifier input capacity
and the stray capacity, C_, in series with the diode
capacity;, so the fast signal can be augmented by
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increasing C_ until the energy resolution seen by
the slow system is compromised. A more desirable
way to accomplish this is to use parallel field-
effect transistors at the slow-amplifier input.
This greatly increases the effective capacity with-
out appreciably increasing the noise in the slow
amplifier. Though we have referred to the charge
amplifier as slow, the system benefits from having
fast response so that the fedback charge does not
unduly lengthen the pulse seen in the fast ampli-
fier, Using a room-temperature, 40~p, 100-pF diode
in an arrangement such as that shown in Fig. 9.4.1
but with no transformer, clean fast signals (2.2
nsec rise time, 3.5 nsec wide) were obtained with-
out measurable broadening of the slow-amplifier
resolution,

In the case of lithium-drifted germanium detectors,
only one side of the diode is readily available for
signal connection, and some lead length is required
because the detector must rest in a cryostat at
liquid-nitrogen temperature. The most successful
dual connection seems to involve transformer cou-
pling located adjacent to the slow-amplifier input
as in Fig. 9.4.2 with parallel field effect input
transistors on the slow amplifier to increase its
effective input capacity. If the cable between
pickoff transformer and slow preamplifier is made
very short in the system of Williams and Bigger-
staff,!* their system is similar to the one de-
scribed here except that the fast amplifier and
the coupling transformers are of different types.
A fast threshold below 200 keV and above noise
has been reached with a fast-amplifier rise time of
12 nsec, over twice that allowed by the detector.
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The slow preamplifier, cut for proper operation
with random 60-MeV input, has a gamma-ray resolus
tion of about 13 keV, not definitely changed by
turning on the fast amplifier. Thus the effect of
the fast amplifier was to introduce a noise com-
ponent to less than 5 keV, plus the effect of the
stray transformer capacity. On the other hand,
the slow preamplifier made an important noise
contribution to the fast system via high-frequency
noise components from the field-effect transistor,

In all cases fast signal performance can be im-
proved if no slow signal is required or if experi-
ment requirements permit the slow amplifier’s
energy resolution to be degraded appreciably. Of
the criteria set above, the most difficult criterion
has been the remote location from the detector of
the slow amplifier, although the systems are de-
graded only slightly by remote location of the fast
amplifiers,
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9.5 RESPONSE FUNCTION FOR NEUTRON
TIME-OF.FLIGHT SPECTROSCOPY'

R. T. Santoro R. W. Peelle

Experiments have been performed using time-of-
flight techniques to measure the differential cross
sections for the production of neutrons resulting
from the interactions of 160-MeV protons with
target nuclei.? As part of the analysis of these
data, a study has been started to determine the
time response function for monoenergetic neutrons
in the experimental geometry.

Figure 9.5.1 shows the arrangement of the target
and detector in a typical experimental configura-

tion. A cartesian coordinate system, xyz, is con=

PROTON—

TARGET

Fig. 9.5.1.

Secondary Nucleons.
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structed such that the x axis is along the direction
of the beam.
the detector and the target normal.

The xy plane contains the center of
The target
position is described by a rotation angle, :P, be-
tween the beam axis and the target normal, & The
target coordinate system &7 is constructed so that
the vertex of the &7 system is in conjunction with
the origin of xyz, with £ and 1 constrained to rotate
in the xy plane. The target thickness T is meas~
ured along ¢ such that T, — T, = T and
g5,

ey

for all values of & in the target, The position of
the neutron detector is given by @ and L , where
L is a vector in the xy plane from x =y =z =0 to
the face of the detector and normjll to it, and @ is
the angle between the x axis and L.

Protons incident on the target parallel to the x

axis interact in an element of target volume dx dy

dz, producing secondary neutrons of velocity Ve
The flight times of neutrons which are born in the
target and interact in the detector are measured.
The apparent flight time ¢ is given by

t=t (2)

p

+

c L

+t
n
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where ¢_ is the interval between the passage of the
proton past an arbitrary zero-time reference point
and the time of interaction in the target, ¢ is the
flight time of the neutron between its birth and
detection, and (_ is the time required for light to
travel through the detector from the point of inter~
action to the photocathode of the multiplier tube.
It is assumed that phototube delays are independ-
ent of the position at which the light stiikes the
photocathode.

The probability per MeV of nentron energy that a
neutron of speed v, has an apparent flight time
within dt at ¢ is given by

Cyv,) dt = dt [ [fNy,2) BX,G)

% E&)(t,X,x,vn) dxdy dz. (3)

B(X,{) dx is the probability per unit solid angle
per MeV of neutron energy that the proton interacts
in the target within dx at a penetration X = x + ¥y
tan ¥ — T, sec ¥ to produce a neutron which is
emitted in the direction &

=2 (
B(X, ) dx
=0

/
ppn’

where

zp(vp;Vn'Q) = the differential cross section per
MeV per unit solid angle in the
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the angle of neutron emission relative to the beam
axis.

N(y,z) dy dz is the probability that a beam par-
ticle has a displacement from the beam axis within
dy at y and within dz at z, N(y,z) is approxi-
mated in this analysis by a bivariate normal fre-
quency function, From previous calculations® it
has been shown that the z component of the beam
introduces negligible flight-path variations. Based
on these results, E&)(t,X,X,Vn) is considered to be
independent of z, and, since N(y,z) is the only
term in which z is contained explicitly, it is inte-
grated immediately over all values of 2z with the
result that

dy [NG,2) dz = NG dy )

E&B(t,X,X,Vn) di is the probability that a neutron
of velocity v, born at x,y in the target and emitted

in a unit solid angle toward the detector is detected
within dt at &

) exp (—-Eeff X) dx for x,y within the target ,

4

for x,y outside the target ,

E@(t,X,x,vn) dt

direction £ for the production of = ff K, X, 57, b dda, (6
neutrons of speed Vo deft:ccém
Zeii = the effective cross section for
absorption of protons in the target. where
=exp (~T50 1) E@) v, exp (25T 1 (9] for 1 (9 in the detector ,
1(,X,%,v_, D %)
= 0

Since the direction of emission of the neutron is
taken to be independent of the azimuthal angle,
Ep(vp;vn,ﬁ) reduces to Ep(vp;vn,@), where @ is

for ID(t) outside the detector ,

in which

Eeff = effective macroscopic absorption cross
section for neutrons in the target,

E(Vn) = macroscopic ‘‘efficiency’’ cross section
for neutron detection,
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Z;ff = effective macroscopic absorption cross
section for neutrons in the detector,
v, = neutron energy,
1. = path length traveled by the neutron in the
target,
1,(8) = path length traveled by the neutron in
the detector, expressed in terms of the
apparent flight time.

The term

/-\;
1

o) »

12 b

is the element of solid angle subtended by an ele-
ment of detector front surface at the interaction
in the target I’T(x,y). The distance from P, to a
point on the face of the detector is I

and E(Vn) are
constants. If Ep(vp;vn,ea) does not vary too rapidly
with & or Vo it may also be considered to be con-
stant. Experiments are normally designed to make

these assumptions valid.

6 =

For given neutron energies, v
n

The distance traveled by the neutron from its
birth point in the target, PT(x,y), to the point of
detection, P, is t v . With the aid of Eq. (2),

1 tC)V . (8)

n

fr ==t -

Considering only light rays which are normal to the
photocathode,

K 5
t -—I[D 10" DI, ©)

¢ ¢

when

K = index of refraction of the detector,
c = speed of light,
D = thickness of the detector.

Substituting Eq. (9) into Eq. (8) and solving for
I yields
. (¢t~ tp)Vn : (KD Vn/c) - I[
P 1K@ - Q) (v,/c)

(10)

The incident proton loses energy in the target
If the time
reference is taken at x = 0 with the target imagined
to be absent,

x X2 <dE
{ =~ +- e |
Py 4FE v dx
PP

through numerous atomic collisions.

(11

where

v_ = proton velocity,
E = proton energy,
—dE/dx = incremental energy loss per unit path
length for protons in the target material
(~dE/dx is a positive number).

For neutron velocities which approach 160 MeV,
the response function is sharply peaked. To more
easily define the overall shape of the distribution,
a convolution of the timing jitter distribution is
performed with E@(t,X,x,Vn). (Otherwise this jitter
must be introduced later in the calculation.) The
jitter distribution J(z,) is assumed to be normal.
Then in Eq. (3), EtB(t’X’X’Vn) is just replaced by
F(t,X, x,vn), where

Fe(tl.,X,x,vn)dti = dtij;Eﬂa(t,X,x,vn)](ti—t) dt (12)

and C(,v,) is correspondingly replaced by G(¢t,v ).

Computer programs are now being written to
evaluate G(¢,v ). Upon completion of this evalua-
tion, the result will be combined with a pulse-
height spectrum in order to estimate the time dis-
persion from the pulse-height-dependent
slewing. When the time analyzer response is also
included, this will yield the overall time response
function for the spectrometer.

time
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9.6 PROTON RECOIL SPECTROMETER FOR
NEUTRON SPECTRA BETWEEN
50 AND 450 MeV'

W. A. Gibson
W. R. Burrus

J. W. Wachter
C. F. Johnson?

A proton recoil spectrometer has been constructed
and used to obtain energy spectra of neutrons
emitted from targets bombarded by 160- and 450-
MeV protons. The instrument employs a polyethyl-

ene radiator as the source of the recoil protons



and measures the energy of the protons from the
pulse height obtained when the proton passes
through a thin NaI(TI) crystal. The paper dis-
cusses the details of constructing the spectrom-
eter and the circuitry used during operation. A
Monte Carlo program for calculating the efficiency
and resolution of the spectrometer is described.
The effect of the Landau spread in the energy de-
posited in the Nal(Tl) energy detector is included
in the resolution calculation.  Typical energy
spectra for secondary neutrons and protons are
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presented, and the unfolding program used to
compensate for the skewed energy resolution funce
tion of the spectiometer is discussed.
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