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and
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ABSTRACT

A spectrometer to measure neutron-induced charged-particle
producing reactions has been developed and yields data with greatly
ioproved signal-to-background ratios. 1t consists of o magnetic
quadrupole Tens which focusses the charqd particles ontc a silicon
surface barrier detector or a two-detcctor telescope which is more
than 2 meters from the sample being 1rradiated. The efficiency of
the spectrometer is calibrated experimentally and depends only on
vilues for the {n,p) elastic cross section and the stopping pawer
vl polyethylene. Further development 1 underway to replace the
surface-barrer AL counter with o proportional counter of larger
area. This detecter, coabined with a larger € counter {surface
vs'!rrwr) coulo increase the effective solid angle by a factor of
five,

The results for {n.xp}, {n,xd) and {n.x1) cross sections &re
yummarized For the eight terget materials studied so (ar. Measure-
ments of the charged particle spectra have estaklished that cross
sections for production of protons velow 2.5 MoV are <ignifitant
for some targety, 1n fact protons as low as 8O0 teV have been
¢etected from alyminum,  These low energy protons world be guite
C1ffcult ta reavure with canveational counter telescope
spectrometers.

IRFRUDUCTIOR

Ceoos sy tians ang spectra Tor reutron-induced wharged-
particte producimg reactions are mpurtant in estimating materaals
woeffertn fror neutron tostardrents.  Twe anpects of ths
350, nacbear transmulal N and hydfuden and el sun production
gre direct functions o the ¢rosy sertions for {n,an}, (n,xd) and
(v teastions.  An additiunal factor in gargqe estimates, the
wntrs, Sistrtutinn of pritar, fecoll atoms from the lattice, s
relate s ta ke wnectra and antalae dratrabutions of particles
020 neutren-induced reactions . in thig cantest, alpha-

SHATE Lertorred under the awsitoes of the U % Energy Peaearch
ang Ceveloprent Adeiniteation, o C405-Fog a8

particle angular distributions and Speclru are important because
the large a'pha particle mass causes more energetic recoil atoms
than ngutr.n or proton emissions.

Radirchemica) measurements can supply angle- and emission-
energy integrated cross sections for many of these reactions.
Gecause not all of the nuclei resched by charged particle emission
are unstable, however, some cross sections must be measured using
another technigue. In addition, the radicchemical measurements
are est wseful in determining ¢ross seclion cystematics for
neighboring nuclei, since without data differential in angle or
enurgy, it is more difficult to determine the reaction mechanism
involved.

Farrar and co-workers! have developed a technique to measure
the helium produced in (n,xa) reactions. After a period of
irradiation, the samples are analyzed fur helium content by 8 mass
spectrometer. Thi. method appears not feausible for measuring
hydrogen production, however.

Direct neasarement of the charged particles produced is an
elternative procedure. If such medasurements gre to extend to low
emissign encrgies, however, thin targets are required. Backgrounds
caused by the interaction of neutrons or ganma rays with the
detector or reaction chamber may then overwhelm the signal pro-
duced by the target of interest, Moving the detector farther from
the nevtron source permits additional shielding to be placed
between deteclor and neutron source, but the wolid angle is reduced
2t the same time.

EXPERIMENTAL TECHHIQUES

To redyce the background we move the solid state detectors
? to & weters awdy from the targel and the source. Then to
increase the solid angle for detecting charged particles, we inter-
pose 8 magnetic quadrupole lems between the target and the de-
tertors.  Considerable shielding can be placed between the neutran
source and the detector in this arrangement. An additional advan-
tage of the quadrupole lens is its directionality; that is, when
it 15 adjusted to bring particles produced in the target to a
focus on the detector, particles of the same energy produced in
the reacticn chamber are focussed away frem the detector

The original version of this spectrometeré ytilized a quadru-
pole douhler, but this lens has now been replaced by a quadrupole
tripiet,3 which has better teansport properties and a higher field
gradient,

Keutrons were produced by the Lawrence Liverwore Laboratory
rotating terget neutron source Beam cyrrents of bdetween 15 and
20 mA of 400 ke¥ deuterons impinged an a rotating tritiated-
titanium dise to produce 15-MeV neutrons with the T(d.n) reaction.
Because of the thin tarqets used in these measurements, a high
source strength was reyuired. Typical iptensities were about
1 x 101¢ neutrons/sec into 4- steradians.
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figure 1 i% a diagram of the spectrometer and neulron source.
ire targe mass of the quadrypole and associated shielding made it
convenient 1o change reaction angles by sliding the entire
as<embly on a trach rather than rotating it aboul the source:
thus, the central axis of the spectrometer is lotated & cm from
the Losition af the neutron source, denoted by the circled numbers
on the frqure, and 1 orrented perpendiculdr to the dedr direction.
{manges in regction angle dre made by sliding the assembly relative
to the neutron source so that the radiator foil s at various o
angles hetween 0° and 787 to the deuteron beam, which correspond
to resction angles 90 + - far the (n, cherged particle) reaction,

For neutrans praduced from the T(d.n) reaction induced by 400
hed deuterons, such changes result in a change in averaqe neutron
energy hetween 19,1 and 14.6 MeV as the reaction angle s changed.
The duadrupole traasports particles nf a given rorentum from
C1fAg puint 0n the target 1o & specifsc yoint on Lhe detector.
Integrating over both these oreas gives an efficiency function wilh
a Timite energy w)dth.  For trhe targets and deteclors wsed in the
preseat pRasurereots, the peak had a width AE/T of about 351, full-
midth ot half.-masimym,

Ahsolute values for the efficiency function at each gradient
setting were determined by measuring the oratam $;~ctrur from a
stopping target of polyathylear. This spectrum may be calculated
from the intident neutron flur, the n-p elastic scattering (ross
section and the stopping power of polyethylene, Comparison of the
observed spectrum with the calculated one yields the efficiency of
the spectrometer.

In principte, the efficiency for other particles could he
deduced fram that for protons. sincs the trajectorices 1 the mag-
netic frelds will te funrtions of 7¢/ME, where 7 14 the charge and
H ang £ the mass and eneryy of the particle.  Thus, the elficiency
for deuterons should peak at an energy half as larqe as that for
protons and that for alphs particles a2t the same energy a5 that
for protons. To theck this, efficiency measurements were rarried
out with a €Dy target as well as a CHp target. Over most of the
energy range, the iwo measurements yiclded consistent results.

Tor high energy gratons, the small pulse height in the AL cauntor
caused <ome loss of cowncidence efficiency {~20%) in the counter
telescope. For this reason, the deuteran efficiency medsucement
was shifted §n enerqy and used n analyzing alpha particle data,
while proton and deuteron data were reduced using the meosyred
proton or deuteron efficiency, respectively.

To cover the charged-particle cnergy range 1 to 14 MeV,
measurements at nine field gradient settings arc usud)ly regquired.
giqure 2 shuws the result of ane such measurement for the
TA{n.xp) reaction. The open circles denote the results af the
measurement with the aluminum target in place; the »’S show the
results of a beckground measvrement. Each of thnse two measurps
ments was made in about forty minutes. The zoVid line marted
"acceptance” gives the measgred efficiency (- product of Lounter
efficiency and the effective solid angle of the quadrupnlc). Note
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the favorable 330ma)-to-background ratio even at a proton crergy
at lom as 1.5 PeV.

RESULTS AND DISCUSSION

. Datd heve been gutajned for {n.xp}. (p.d) and (n.xa) reagtians
on 721, 967 ang aby;A7GH 6Ty ind Elwn;g on 83y ang gﬁcu; and
on stainless steel 304 ang 316.7 Angle-integrated proton and
deuteron spectra are shown for 53Cy and 93Nb targets in Figs. 3
and 4,

An impressive feqture of the cross section data is that the
proton spectry for snmg of the targets extend far helﬂw the Cm_nlumb
barrier (A1, %6Ti and 53c.) while for other targets (BTi and 33Nb)
the spectrym below the Covlomb barrier falls rapidly. This dif-
ference 15 related Lo the ymportance of the (n.n'p} reaction for
targets for which a sub-Coulomb-barrier peak i5 observed. In these
targets, the neutron binding energy is larger in magnitude than the
corresponding proton binding energy; thus, excited Jevels of the
target nucleusswic...i @ given energy range have no neutron decay
width but can emit a sub-Coulomb barrier proton. This width is
expected to be small, but since the only other available chanpel is
qaemnd decdy, praton decdy will occur 1 many cases. A similar sub-
Coulomb-harrier decay is possible in the alpha-particle channel,
if the alpna-particle binding energy is less than that for protons
and nestrons. Some indication that second-stage algga decay at
present is found in the spectra for 46T, 63cu”and Nb.
Apparently, the smal: difference between By and By in these nuclei
1% not in general sufficient to compensate For the larger Coulomb
barrier for alpha particles. Evidence that these sub-barrier
particles are not due to some unknawn Spectrometer background is
found in the avsencp of the low energy peaks for 98739 and for the

¥{n,xa} reaction, ghere the binding energies “"5 such tg?t the
{n.n‘p) reaction on 48Ti and (n,n’a) reaction on 9877 and 21y
should have small cross sections.

Integrated cross sectians for the reactions studied are
Visted in Jable 1. For these nuclei, arge charged particle cross
sectians appear tn be correlated with large campaund nuclear con-
tributions. Ueuteron production cross sections are small for all
the nuclei studicd to date, and proton and alpha partiele cross
sectians are small for nuclei with smai? neutron binding energies
{i.e., those which are neutron-rich). Large variations (a factor
of three or more) occur between proton and alpha production cross
sections for various isotopes of the same element.

The development of this spectrometer has enabled charged
particle spectra produced by neutron-induced reactions at Ep =
15 MeV to be measured over the range 1 to 15 MeV in emission
energy. The signa)-to-background ratip js increased significantly
through use of the quadrupole lens between target and detector,
with the result that charged particles with energies as Tow as
1 Me¥ could be detected. Data abtained to date indicate that for
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Table 1

Surmary of Proton, Deiteron and Alpha Particle Cross Sections
Measured with the Magn:tic Quadrupole Spertrometer at 15-Mev
Incident Neutron Energy. The errors on the proton, deuterons and
alpha praduction cross sections are typically + 12., « &, and
16} respectively.

Taryet {n.ap){mb) s{n,d){mb) (r,xa}(mb)
498 19 121
by W 98
85 2 28
91 7 17
59316 252 a a8
ey 123 9 56
¢y a 9.4 135
Sy 51 8.5 14

many te,i0ts the total tharged particle crpss section will be
s1gnificantly underestinated unless the measurements extend to
pnergies below the Coulomh barrier.

Nucley tn the reqion already investigated have €ross sections
sutfictently large that the present spectrometer yields acceptable
count rates.  To extend these measurpments to 1%0topes with smaller
crosy sections, an incresced effroiency would be desirahle.
Efforts are presently underway to develop o detector telescope of
Targer ares than presently used. A proportional-cwunter would
serve as the “F detectar and ¢ larger ar g surface barrier
getector would be the £ detector.  These modifications would
Incresse the counting rate by about o factur uf five and would
81cw Cross sections ay small ws @ few mil)atarns to be seasured
mith 3000 53gnal-to-backaround ratios.
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TIGURE CAFTIONS

Schematic drawing of the magnet ic-quadrupale charged-
particle spectrometer for neutron-induced reactions.

Fan 0ats ot one ragnet setting for the prnésn spectrum
at 457 from 15-¥ey neutron hombardment of </A1. The
proton production sngle was 45" with respect to the
Incident peulrons, The circles denote data with a

2.4 mg/emt alumingm fpi) ip and the a's denote back-
ground with the foil out. The s01id line {5 the
measured acceptance funclion of the spectrometer.

Proton and m:ulgrwn spectra from 15-MeV neutron
bambardment of 21V, The data are integrated aver the
angular distribution of emitted particle. The curves
are statistical medel calculations described in Ref. &.

Protan and deuteran spectra from 15-Hev neutran
Sambardment of 93b. The data are integrated over the
anguTar distribution of the emitted particle. The
curves are statistical model célculations described in
Ref. S
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