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ABSTRACT, - Neutrons from the I\Ias.g‘a(cl,n)rfig24 reaction produced by 2 Mev deuter-
ong heve been detected and their energies have been measured in nucleaxr emulsions

by the proton recoil method.

The energy and the Q-value spectra of neutrons emitted et 0%, 52,
250, 352, 450, 602 and 85¢ to the deuteron beam are given. The ground state
Q-velue is found to be Q, = 9.56 * .12 Mev, and execited levels are found at E,=
= 1,40 * 165 4.24 * o143 5.27 % oLh; 6,09 £ 143 7.68 £ ,13 and 8.63 L ,13

*  On leave of absence with fellowship at Centre dtBtudes Nucleaires de
Saclay, France.

** Now at Department of Physics of the Faculdade de Filosofia, Giencias e
letras da Universidade de Sao Paulo.
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Mev, whieh are in good agreement with the published data and the precision compg

&

rable to that obtained teking the averages of other author's values.

¥ % ®

1., INTRODUCTION:

An experiment was designed with the purpose of obtaining the
energy spectra and the angular distributions of the neutrons aris-

ing from the reaction Nazs(d,n)Mg24.

The energies of the excited levels of Mg24 have been obtained
by different methods and by several authors. 1-14 The pertinent
data on levels up to 9 MeV excitation energy are summarized in

Table I,

The angular distribution of the neutrons arising from the
Na23(d,n)Mg24 reaction have been investigated by Calvert et al. 1
with 9 MeV deuterons and by El Bedewi et al. 2 with 8 MeV deﬁterons.

In this paper we report our results on the energy levels of

Mg24 using 2 MeV deuterons.

2. EXPOSURE AND NEUTRON DETECTION.

A target of metallic sodium evaporated over a tantalum foil,
was bombarded with deuterons from the Van de Graaff generator of
the University of S. Paulo. Table II gives the main character-
istics of the beam and of the target;
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The experimental arrangement of the exposure is shown in Fig.

I.

Nuclear plates were located at seﬁeral angles to the deuteron
beam 1n such a manner that the emulsion planes were vertical and

their longest axis of symmetry pointed to the center of the target.

The neutrons were detected with 200 micron Ilford C 2 emul-
sions, 4x2 inches, and thelr energy and relative intenslty were

obtained by the well known proton-reccll method. 15,16

%. SCANNING AND TRACK SELECTION.

The area searched for protons was limited to the central

reglon of each plate as shown by the shaded portion in Fig. 2.

The plates were "area scanned" with an o0il immersion objective
53 x and binocular eyepleces 10 X. We have not done any rescan-

'ning so as to check on possible bias against short tracks.

In order to be accepted for energy measurements a track had

to satisfy the following requirements:

a) To have a projected length 1 greater than 40 microns.
This limit was chosen to bias against the large number of tracks
of low energy and because o¢f the poor energy resolution which 1is

obtalned for shorter ranges.
b) To have an initial direction within the limits

- 202 K 8 + 20¢
- 152 L Y < + 1582
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These criterla correspond to & cut-off neutron energy of 2445
MeV. The solid angle defined by these limits will contain only 11%
of the scattered protons. This limitatlon was introduced in spite
of the loss in statistics which ensues from it, due to the better
energy resolution which 1s obtained and because it reduces the pro

portion of background (caused by stray neutrons and (n,p) reactions).

4. MEASUREMENTS.

For each accepted track the following gquantities were measured

(Figo 3)-

a) The projected length f . For all tracks this length was

measured with a calibrated eyeplece scale.

b) The azimuthal angle © between the first 40 microns of the
track projection in the emulsion‘plane and the x-direction. This
angle was measured with an eyeplece protractor graduated in inter-

vals of one degree.

¢) The difference D between the depth of the track at its

origin and at a point 40 microns away (projected distance).

The distance, 40 microns, was chosen as a compromise between
the necessity of having a large distance for good precision in
depth and angle measurements and the limitation imposed by multiple
scattering which would, on long tracks give an appreciable change
between the measured chord angle and the required initial tangent

angle,
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All measurements of depth have been performed with gauges
specially adapted to our microscopes, in an air conditioned room

at 25 ¥ 1 2 C and 55 % 5% relative humidity.

5. NEUTRON ENERGY SPECTRA.

For each measured recoil proton we have calculated the corre-
sponding neutron energy, using a 'shrinkage factor" of 2.%, and

the range-energy curve due to Gibson et al. 17

The histograms of the number of detected neutrons per 100 KeV
energy intervals, for the seven angles of observation, are shown

in Pigs. 4 to 6.

Some figures also give the histograms for background plates,
exposed scanned and measured in the same manner as the "normal"
plates, except that the target consisted of a clean tantalum foil,
similar to the one supporting our sodium target. It can be seen
that the background, mostly due to Dz(d,n)H'e3 reaction, can be
neglected so that we did not subiract it from the "normal" histo-
grams.

12’ 016

The most probable contaminants in the target are C and

Nl4. The first two have negative Q value for the (d,n) reactlions,

1

and do not contribute in the energy range studied. N 4 produces

only one neutron group in this energy range, which was not observed.

The energy spectra of neutrons leaving the target differ from

the energy spectra of detected protons because of:
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a) wvariation of the (n;p) scattering cross-section with the

energy of the incident neutrons,

b) energy dependent absorption of the neutrons in the emulsion

and in the glass backing,
¢) escape probablility of the recoil proton.

Corrections for the effects listed above were applied in order

to obtain the spectra shown in Figs. 7 and 8.

6. Q-VALUES SPECTRA.

In Fig. 9 is displayed the Q-value Spectrum which results from
the addition of the data of Figs. 7 and 8, weighted according to
the relative intensitles.

To obtain relative cross-sectionsy the normallzed neutron flux
should be multiplied by the appropriate factor Ki which 1s given,

for each angle, in the corresponding figure.

This factor K; was normalized to unity at 02, and to obtain
the absolute flux of neutrons in number of particles/steradian/100
KeV, 1t must be multiplied by 14 x 105,

In Table III we summarize the results obtained from the analysis

of our R-value spectrum (Fig. 9).

A correction has been appiied for the estimated relative humidity
of our plates at time of esposure (70 ¥ 10%) since Gibson's range-

-energy curve is valid for a relative humidity of 35%.

The errors quoted in Table III take into account the uncertain-

* The procedure for these corrections was suggested by Professor O. laties.
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tles in the relative humidity, beam energy and statistics.

Comparing our results with those of other workers (see also
Table I) one sees that, with the exception of Mandeville's data,
the agreement i1s very good. There is no indicatlon in our spectra,
for the presence of levels ng Lz and L4 found by Mandeville. 3

The levels L,[Q = (8,336 & .026) MeV] and Lg [Q = 6.225% ,026)
MeV] cannot he resolved in our Q-values distributions where they
show up as & single peak.

The level La appears t© be & oomposite one, as ocan be seen in
Fig, 10 which ehows the best fita ome can obtain assuming one (Pig.
10a) and twe gauasiéna (Fig. 10b) respeatively, and taking the
half=width of each gaussian to bBe equal t6 the average of the halls
~widths of levels Ly and Ly in the Qevalue spectrum (F.W.HiM, =
® 0,21 MeV),

An egtimate of the best fit through “Ohisgquare! teste yields
the probabilitiest
P & 1f for ene gaussian.
P 3108 for two gaussians.

Assuaing La t6 be due te twe levels, the best fit 1s ebtained
fori
<QE|, ES:&@* 06 MeV
€Qg, > = 3.04 T .06 MeV

Thie is apgreement with the results of Fisher 8 who reports
the existense of two levels in the neighborhoed ef Lgy with exal-
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tation energies corresponding to the following g-values:

< Qg > = 3.57 £ .10 MeV
<Qgn > = 3.17 1 .10 MeV

7. EXCITED LEVELS: Q-VALUES AND ENERGIES CORRECTED THROUGH

*
GROUND STATE DATA.

The Barka's curve for adjusting measured ranges to equivalent

19

ranges in a standard emulsion was used to correct the range
energy curve. A point of reference being that corresponding to
‘the ground state Q value where the experimental QG value was com=-

pared to that calculated from Mattauch et al. 1O

With the aid of such a corrected range energy curve we have
re-calculated the Q values and the corresponding errors for all

excited states of Mg24.

This is shown in Table IV.
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TABLE T

24
ENERGY LEVELS OF Mg
L& % [INCIDENT]
I ._lo on
&| 65 | b L, | Ls Ly | Ls | Le Lo | L | Ly L, |AUTHORS |REF & | enerer
0.e3 | 1.24 1.66 4.16 .70 8.64 |MANDEVILLE| 3 {Na%3(d,n )| 1.4
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z 1381 .02 4.11% 05 6.7tz | 77%2 HIRD 9 N2 (p ¥)| O3
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> 5.5 |
w N
DAY 12 {Mg?*(n,n'y)| 256
Evh
- 1.37 HEL M 13 |Mg®* (e e')| 187
(4.13) | (4.24) 745 + 10[8.48* .I0|EL BEDEW! | 2 [Na®3( d n} 7.75
1.366%006 VAN PATTER| 14 |A127 ( pa)| 4685
>M mnhmm 0.83 .24 [L370t0018) 166 418+ 014 523 % 046.25*.06[760£.098481 .10 ’
x cY
AVERAGE ¥ . 18
Q-VALUE [9465 O 8.63 | 8.22 [8095%016] 7.80 5.28% .02  |4.23%.04|3.211.06(1.90*.09{ 982 i0 _s>ﬂm>%m: :
Mev o g 6.5.}
SPIN _
oy | o+ ,m+ 4 4+ 24 _mmm _w.mm CALVERT i
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TABIE II

EBEAM AND TARGET DATA

DEUTERON ENERGY 1.96 * 0.02 Mev
EALF-WIDTH OF THE ENERGY 6 Koo
DISTRIBUTION OF THE BEAM

DIAMETER OF THE BEAM 1.6 m

TOTAL EXPOSURE 10 pcovLaMes
}T}égggra THIGRVESS FOR 2 Mev| 45+ 15 oy




TABIE III

SUMMARY OF Q AND E_ VALUES RESULTS FOR Na?>(d,n)Mg™ REACTION

wa—

LEVEL QR Q| Qt Ag B LAE E} 8K,
Ground [9.564.12 | 9.465%.016 - -
Ly 8.162,11 | 8.,095%.016 | 1.40%.16 | 1.37+.002
Ls 6 5.32%,08 | 5.28%.02 ho24%.14 | 4.18%.014
L, 4o29R.07 | 4o232.04 5,274.14 | 5.23%.04
Ly 3.47TH.06 | 3.20%.06 6.09%.1% | 6,25%.06
Iy 1,88%,05 | 1,90%.09 7.68%,13 | 7.50%.09
Lo 0.88%,04 | 0.98%,10 8.,68%,13 | 8.48%.10

Q - value for each level; calculated from our data, using Gibsonis curve

converted to e = 3,78 * .09 gr/cm‘ao

—

AQ -» is given by \/eg +€§H +€§

€g —statistical

ERH—'-Due to range-energy relation (e or R.H) uncertainty
eD——v Due to deuteron energy uncertainty

Q- Average of the published Q-values

AQ - Error of the average

Ex_’ Level- Energy

247

E;:—-’ Average of the published values (Without the values given by Mandeville)
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IABLE IV

GROUND-STATE CORRECTED Q AND E_ VALUES FOR %22 (d,n)Mg?* REACTION

e | Qo %% A AP Bpraly 0| B raRy C
Ground | 9.465%.016 | 9.465%.016 - -
L, 8.0904.031 | 8.0952,016 | 1.375%2.035 | 1.370%.002
Ls ¢ 502713023 | 5.2802,020 | 4.1942.028 | 4.180%.0L4
L, 402502,021 | 4.230%,040 | 5.2152,027 | 5.230%.040
Ly 3.434%.020 | 3.210£.060 | 6,031%.026 | 6.250%.060
Iy 1,8592.018 | 1.9002.090 | 7.606%.024 | 7.500%.090
Lo 0.866Z.017 | 0.980%.100 | 8.599%.023 | 8.480%.100
(Lyt) 3.5602,020 | 3.5602.100 | 5.905%.026 | 5.900%,100
(Lg") 3.006%.020 | 3.160£,100 | 6.4592.025 | 6.300%100

a) Q-values using ground state calibrationm.

b) Average of published data. |

a) Bxi = QMatta.ueh - QG:L

d) ’n‘x = Average of published data.

i
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Target '
TIPSO Es
VS L L LL L L L Ll L L

Y-Direction

X=Direction

GEOMETRY OF EXPOSURE

Shaded Portion - 6mm Wide-Indicates the Area Searched for Protons

I, =72 mm For the Pletes at 60° and 85°

Io = 120 mm For the Other Plates

Fig. 2
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Rormalized Neutron Flux
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