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Experimental Studles of (n. charged particle) Cross Sections,
Angular Distributions and Spectra with a Magnetic Quadrupole Spectromater

e C. Haight and S, M, Grimes

Lewrance Livermore Laboratory, Livermore, Caltfarnfa 94550

The charged-particie-producing reactions of 15-MeV noutrons with
strucural lﬁttrhh have been studied with a new type of spactrometer
based arcund a magnetic quadrupole Jens., Significant improvements in
signal-to-background have permitted the detection of protons with
enargies as Tow as B0O keV. In sevaral materials charged particles
emitted with energles well beluw the Coulomb harrier contribute signi-
ficantly to the total hydrogen and helium production cross sections,

The production mechanism for these low-caergy particles is second-

chance emission in (n.n'b) and (n,n'e) veactions. At the high-anargy
and of the proton and atpha-particly spectra and for the entive deuteron
spactra, non-statistical reaction mechanisms are indicated. Results for
Al, T1, V, Fe, K1, Cu, Nb, and stainless stes] 316 are ompared with data

from other experimental methods,

*ork performed under the auspices of the U.S. Energy Department,
Contract W-7405-Eng-48,
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I mtr:ducuon

In the past two yearz, neutron-induced charged-particle-producing
reactions have been investigated at the Lawrance Livarmors Laboratory
with a new type of spectrometer. The traditional uxperimental arrange-
went has been to dotect the chargad particles (usually just protoms,
deuterons or alpha particles) with a counter telescope or, in the orjer
experiments, with photographic emulsfons {ifg. ta). Our modfffcations
are indicated in Fig. 1b, First ws move the detector telescope farther
away from the neutron source and the frradiated target fol). Secondly,
we insert magnetic quadrupole lenses batwean the foil and the detectors.
Finally we add shielding (not shown in Fig, 1) butween the neutron
source and the detector, The details of the resulting spactrometer
and tts opevation have been described at length fn several publi-
cattons. '™

With this spectrometer tha signal-to-background ratio has been
improved by more than & factor of 30 in (n,charged particle) measure-
ments at 3 neutron source energy of 14 to 15 MeV. A typical raw spectrum
(Fig. 2) shows the good signal-to-background ratio. Other advantages
include the increased lifetime of the silicon surface-barrier datectors
used in the telescope and the simplicity of the spectrometer,

To obtain ceafidence in the results obtained with this spectrometer,
om must compare the cross Section and spo. T4 with those obtained by
other methods, One purpose of thfs paper s therefore to compare
our results with many different types of datz {ncluding activation
cross sections, halium accumulztion measurements, and other direct
measurements of the charged particles, To facilitate comparisons the
cross section data from our work with this spectrometer are summar{zed.

A second purpose s to discuss possible problems with the method

especially if greater accuractes were to be required.
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11, Advantages and Problems of the Expsrimental Method
The advantagas of the magnetic quadrupole spactrometer derive
from the grest veduction in backpround. Because of the ralativaly
Tow background, we have been able to employ the LLL rotating-target
5 at an intensity of 3 o 1012 n/sec into Ar steradians.
And because such an fntense neutron source can be used, the targat

neutron source

foils can be vary thin. As we have found, it {s fmportant to muasure
the charged-particla enargy spactrum to anergies well below tha
Coulomb barrier ta be certain that the total charged-particle-
production cross section {s obtained.

The problems associated with this spectromater do not appear to
Se limitations in the context of the WRENDA request ligt‘ for masure-
wents near E,| « 14 HeV, The requested accuracy 1s usvally for assess-
ments of candidate mater{als for fusion resctors and a 15 to 20% un-
certainty 1s acceptable. In the future, however, greater accuracy could
be requested and some paculiaritiss of the spectrometer could be signi-
ficant. Some problem areas could arise {f om tries to push the
accuracy much balow 10%.

One of these potential pmMu areas 13 in the determination of
the energy-depend
the spectrometer. Tha dcceptance §s the product of the trlnsmfst‘\'ion
of the magnetic Tens system and the afficiency of the detector tele-

particle-depend (see Fig. 2) of

scops. At present, we determine the acceptance by measuring the known ‘
spactrum of protom (deuterons) knocked out of & thick CH, (CD,) smlo.
The spactral shlpn are determined by the acceptance and by (dE/dn)

for the particular particle type. The normalization {5 fixed by the dif-
ferential elastic-scatiering cross section. Sor overall accuracies much
balow 108, the uncnrtuntlu {n dE/dx could become significant. This dif-
ficulty would tMuﬂm apply to meaturewents of a1) particle types.

Also, 1t the fucident neutron Spectrum 1s degraded and not molnorqetic.
an arror would ba\ntroduced in the derived dcceptance. For deuterons
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another difficulty s that the differential elastic scattering n-d

cross section 1S not so well known &s for n-p elastic scattering,
Uncertainties n the normalization of {n,xd) cross sections could then
become important for a very accurate measurement. Usually, howaver,
there 1s 5o much structure in the angular distribution of (n,xd)

deuterons that the yncertainty in this structure dominates the error
unless a grest many angles are measured. For alpha particles, thare

1s no good calibratien standard corresponding to elastic n-p or n-d
scattering since n-a elastic scattering only givas aipha particles of
energy at most 16/25 x €, and the aaxioum snergy of the alpha particies
from (n,a) on structural materfals {s about E . Consequently for the
alpha-particle acceptance we have had to use the acceptance for protons or
for deuterons, suftably adjusted in energy. For more accurate measure-
ments, the difference in detector afficiency for deuterons and alpha
particles could be a problem. Finally the stability of the magnetic
Tenses would require a more grecise varification for more accurate
msurements.

A second area of potentiat difficulty for mnre accurate ﬁensuremnt
is the uncertainty in the source-to-targst fol) distance.  For best
signal-to-background, this distance must ba small. The area of the
target foll, howaver, should aot be too small. We us a 2-cm dismeter
foi) and a minimum source-to-target-foll-center distance of 5 ca. The
variations of ?Ir2 would become sfgnificant over the area of $h: 7oi)
in a more precise measurement. Also the centroid of the source
position could vary and change the source-to-target voll distance.

At incident neutron energies different from the 13-15 HeV range
the advantages and many of the potential problems will remafn. The
additional problem is the lower intensity of avialable nautron 'lourcn.
This problem might be solved by a varistion of the spectrometer that
would increase its efficiency from fts pre.si;\t % 2 msr, D.tlctory of
large area halp in this nqlrd.z The other-solution {s .plﬂll\Cl u}_th

Tong measuriny times. R
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111, Comparison of Results

Results from the magnetic quadrupole spectramter can ba compared
with dat: from sevaral different types of measurements,

Activation: For (n.xp) and (n.xd) cross sections, one can make
consistency checks with activatiaa date {n a faw cases. For ‘aﬂ. the
{n,p}, {n,n'p) and (n,d) channels are open at E, = 15 HeV, From
evaluated activation dat~? the crois sections are

Bri(n.p) Bse R
Britninp + d) Fsca 160
Total 80.2 mb at 15 MeV.
This total should equal the following sum of rn\nts3 from the quadrupole

Spectrometer:
871 {n.xp) . 85+16m
By4(n,xd) = 7343
Total 92 4 16 M at 15 HaV

The agresment 1s within errors,

A second example {s for From activation®

BNt ng) 28w

“Ni(n.n‘p +d) = 593 mb

Total Ml b
The urmeasured “m(n.zp) crass section would {ncreasa this total only
slightly. The {unstated) uncertainties in these nuwbars are definitely
large cnough s0 that there 12 no disagreement outside of errors of this

total with the sum of our measured vatun?;
5854 (n,xp) . 1002 + 150
By1tnuxd) LT '}

Total 1016 + 150
For alpha-particle production our vesults can be comparsd exactly
with activation data for only one target, 51y, From avaluated acti-

vatfon dnaw



ly(n,a) «2l.0m
Ty(n.n'a) . 85
Total 27.5 mb at 15 Me
Our result 15”:
V(n.xa) =1743m

There {s some disagresment here, part of which could be due to
discrepancies in the activation messuremnts for *'¥(n,a). Pralimi-
nary results of helium accumulatfon expariments by H. Farrar 2 tend
to support our result.

Helium Accumulation: Our (n,xx) data may ba comparsd with
{nux He) data from mass spectrometric measuremants (Table 1). Our data
appears to be 1h general agreement with the heltum accumulation measure-
=iiis although there is perhaps a slight systematic difference of about
108 with our resultc being Tower.

Charged Particie Measurements: The situation for 27A1(n.x.p) &)
summarized fn Table 2. Tiw disagreements can be traced mostly to the
fact that, in al) previous measurements, the lowar energy end of the
proto:t spectrum was not measured well. This problem s typica) of
most othar targets.

Theary: The charged-particle spectra can be compared with
thearetical caleulations to yield information unavailable from act{-
vation ar helium accumulation data. Two such calculations are shown
in Figs. 3 and 4. The dramatic effect of second chance proton
emi{sston in ‘Gﬂ(n.xp) and {ts absence in ‘ar(n.xp) ave evident,

1¥. Summary of Results

The results from the mapnetic quacrupole charged particle spectro-
meter are summarized in Table 3. These data were a1l taken at 15-Ne¥
incident neutron energy because of the importance of neutrons in this
range for fuston reactors. The target materials are those most 1ikely

to be used for structural elements in these devices.



for applications tn fast fission reactors, the data in Table 3
and the charged-particle spectra published elsewhere should provide
useful normalization polnts for nuclesr reaction model calculations.

With continuing fmpr in the p of the spectrometer,
we hope to extend these measurements directly into the energy range

of fast fission reactors.
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Table 1

Comparison of helium-production cross sections with

(n.xa) cross sections measured with the magnetic

quadrupole charged particle spectrometer.

The

incident neutron erergy in all cases is near 15 Mev.

Materia)
Al

1)

v

fe

1]

Cu

Nb
§5-316

(a) Ref. 12 (pretiminary results).

Nexa
124 4 25 mb
3 4 7(b}
1743
FY)
97416
az o 1)
U3
87

{b) Inferred from 1soiop1c data.

{c) Ref. 13,

Holfam( ™
Production

140 m

3

15

“®

%

5, 54+ 58
7

56
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Table 2

Comarison of data for 27AT(n,xp) at £, 7 16 HeV

3 in Thickoes {nxp)
%, min cknegs  aln.xp
Ny P g/ o

Reference Method
.1 2,2 1.5 140 16 : Emulsion
L] 2.0 6.9 191 + 25 17 Tcllscaps' .
we 20 73 W+ U Telascope®
15,9 0.7 0.4 to 2.4 405 + 60 k] Quadrupole b
Spectrometer

&, Telescope consisted of two proportionat At counters and a
CsI(Te) scintillator,

b, Telescope consisted of two surface-barrier detectors



Summary of cross sections ot E, # 15 HeV maasured

Al
4674

48p4
natyga
)
S4cy
5‘rc
"'tre'
natF.
By
6044
nltNil
natyy

63¢,
65¢,
nltc“l

b
$S 36

a. Inferred from the {sotopic data,

with the magnetic quadrupole spactrometer.

0

Table 3

The values are in units of mb.

405
669
85
132
91
896
186
k244
2
1002
s
787
794

320
“
23
5
252

(n,xp)
o Mo

60
90
16

38

b. To be published.

(nyxd)
2 o

19
9

9.6
8
e

L T e T L

N W s s s

(nyxa)
Bo,

12t 25
98 8
28 [}
kL 7
w k]
80 1
L] 7
LK) 7
LX] 7
106 ”
76 12
96 15
97 16
86 10
WS 2.8
42 1
W 3
48 ?
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Figures
1. Two methods of messuring {n,charged particle) reactions: {a} traditiona?
approach with & datector telescopes (b) new methad employing 4 magnatic
quadrupole multiplet lens to transpert the charged particlas from the
targat foil to the detector.
2, Raw deta for protons from & 2.4 mg/em nlumhlum‘ foil {circles)
cempared with targat-out background {x's). The data have not bean
corrected for the enérgy-dopendent acceptance of the spectrometer at
this particular magnet setting,
3. Angle-averaged proton spectrum from bombardment of ‘51'1 with 15-Me¥
neutrons.
4. Angle-averaged proton spectrum from bombardment of “‘N with 15-Me¥

ngutrons.
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