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ABSTRACT

It was desired to determine what fraction of Cu' nuclei in the
second excited state decay electromagnetically to the ground state in-
stead of by alpha emiu-ion. The state was formed with the reaction
I~114(d,::2 )C" o by bombarding a thin vanadium nitride target on carbon

foil with 1.8-MeV deuterons. Recoil G

nuclei were observed in
coincidence with the alpha particles from the reaction. The alphas
were detected with a surface-barrier counter set at the appropriate
unique angle, and the recoiling nuclei at 90° were analyzed in momen-
turn with a magnetic spectrometer, in energy by a surface-barrier
counter at th_e spectrometer focus, and in velocity by the time delay
between the alpha and the 612 counts. Pulses of 40-nsec widith were
recorded photographically from a Tektronix type 555 dual-beam os-
cilloscope, providing a time reseiution of 5 nsec, and also allowing
pulse height analysis on the fast ;:ulnes. Of the C12 nuclei formed in
the second excited state, 99.9+ per cent decay by alpha emission to
li'us8 and are not detected; only those which decay to the C"‘?‘ ground
state by gamma or pair emisaion will be seen. Thus the experiment
provides a direct measurement of I' d/ I'. Thevalueof I', .=

(L, + I',4) has astrophysical significance, determining the rate of

Y
Clz formation in the He-burning process in red giant stars. Analysis

of 170 observed events gives 1“1_“1/ I's (2.8 £ 0, 3)}X 19'4. Averaged
with a value of {3.3 £ 0.9)X 10”4 obtained by Alburger, and combined
with & value of i"= (8 £ 5) eV, the result is I‘rad = (0.0024 x 0,0015} eV,
which is two-and-one-half times the value used in previous astrophysi-

cal calculations.
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I. INTRODUCTION

A. Astrophysical Significance

A star which has converted most of its hydrogen into helium
will undergo gravitational contraction either until an instability arises
or until the central temperature is raised to .uuch a level that a new
nuclear fuel is available as a source of energy. Salpeter (1952, 1957)
has pointed out that at temperatures of the order of 108 °K, the reac-

tions

4 8

He ™ + 3'534 = Be

(1)

Bed & net = c12*

will produce small amounts of P.'»e8 and Cu‘ in dynamic equilibrium.
The level of Cu involved has an interesting history, summarised by

Cook (1957). When experiments established that the ground state of

Bag is unbound by only 95 % 5 keV (Hemmendinger 1948, Tollestrup

8 4

1949}, Salpeter (1952) calculated an equilibrium ratio of Be" to He  of

the order of 10'9 for red giant stars. The effect of the resonance in

I-ie'!t + ';-ie4 was to increase the heliuimn-burning reaction rate compared

to non-resonant calculations by Opik (1951, 1953), but the Salpeter cal-

culations still did not give a fast enough reaction rate at 3 X 108

degrees.
Hoyle (1954) predicted the existence of a level in (.71 & at 7.70 MeV, on
the basis of considerations of reaction rates and of the relative abun-

12. and 016. At the time of Hoyle's prediction there

dances of Ee?, C
waa conflicting evidence regarding the existence of such a state. A

subsequent experiment (Hoyle 1953, Dunbar 1953) using the reaction
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Nlétd,a‘)clz‘ with a high-resolution magnetic spectrometer to obaarve
the alpha groups, clearly identified an alpha-particle group leading to
the state in question. In Figure 1 (Lauritsen 1962) the state is shown
at 7.656 MeV, very close to the position predicted by Hoyle. Cook
(1957) showed that this state does indeed decay into three alpha parti-
cles through an intermediate stage involving He4 and the ground state
of BeB, proving {by the general reversibility of nuclear reactions) that
the reactions of squation 1 can occur.

ifa C:l ¢ decays electromagnetically to the ground state, either

by gamma emission, by pair emission, or by gamma cascade through

the first state, the net result will be (Everling 1960)

4

3 ket o 1%+ 7.275 Mev. (2)

The purpose of this experiment was to find the tﬁtal electromagnetic
decay width of the 7.656-MeV state of C'2.

If the probability of leakage to the gro‘und state is small com-
pared to the alpha emission by Clz‘ indicated in equation 1, the equilib-
rium can be expressed (Salpeter 1957) by the law of mass action as for

a triatomic molecule:

= mass of He4.

(25, + 1) 2 .3 B
3 Vs (2xh 3/2 r
n, = n : 3 exp( - (3)
T A e | LS s o T
where n, = number density of Clz*.
Jo = spinof Glz" =0,
n, = number density of H’e4.
Jé‘s = spin of He4 =0,
Ma
E
r

energy difference (c”"'- 3 He‘g)c2 = 372 keV (Cook 1957).

fl



h3-

The rate of reaction 2 is then given by

P = ny —g— , (4)

since the mean lifetime for electromagnetic decay is h/I rad’ Where

i is the total radiative decay width. The energy generation per

rad
unit time and per unit mass is

I
- PQ 24 _2_13 rad 43.2, erg
€ n =1.386X10%" p” x « £---5-axp {- "'T_s’gaec ) (5)

where g™ pX 10'5 = density in 10 g/cm ’
is in eV,

mass fraction of He4.

= temperature in 108 YK,

i n exp [0.88 (—3)}]
*5
The factor { is an alectron screening correction (Salpeter 1954, B%FH

&0
|

1957) necessary when ---3-2 0.1. From equation 5 we see that energy

production by the Salpetgr process is linearly dependent on [ rad”

B. Previous Experimental Evidence
From the work of Cook et al. (1957) as well as later experiments
(Alburger 1960, Ajzenberg-Selove 1960), the spin and parity of the 7.656-
MeV level are almost certainly 0+. Hence direct gamma decay to the
0+ ground state is strictly forbidden, and has not been observed. Both
pair emission to the ground state and the gamma cascade through the
2+ first excited state have been observed.

Although earlier experiments (Kavanagh 1958, Eccles 1959) had
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only been able to place an upper limit of 0.1% on the ratio i*y/ I"‘a y &
recent experiment by Alburger {1961) gave a positive result, Observ-
ing p-y-y triple coincidences in the reaction B"Q(He:s,p)(.':m'"(w.')CJ)‘2
(see Figure 1) he obtained for the branching ratio of the 3.223-MeV

y-ray to the first state:
-4 :
£3_2Y/1'a= (3.3 +£0.9)x10 " . (6)

A previous set of experiments (Alburger 1960, Ajmenberg-Seclove

1960) gave the branching ratio for pair emission:
£ /T = (6.6 £2.2) x1078 (1)
et/ ta ' ’ '

In addition, an absolute value of I’ : can be calculated (Cppen-
heimer 1939) from a knowledge of the EOU matrix element obtained

(Schiff 1955) from inelastic electron scattering data (Fregeau 1956):
M. E. = (5 x107%%) & 25¢; ,
Foyp= (64 £3)x107% ev . (8)
Combining these results gives
= (8 £5)eV, | (9)
paq = (0.0027 £ 0,0018) eV . (10)

The present experiment provides a completely independent measurement
of the ratio I‘radfi”‘. but requires an estimate of I"in order to give rrad

itself. At present, equation 9 is the best experimental value of I
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1. EXPERIMENT; APPARATUS
A. Reasons for Using NM(d.a)ClZ*: Kinematics

The plan of the experiment was to populate the second state of

Cl

2 in a nuclear reaction, and to observe carbon {ons recciling ‘fx;om
the reaction. Since the lifetime of the state is known from the alpha
width to be of the order of 10718 seconds, and it takes 1.8 X 10”7 sec-
onds for a 2-MeV Clz to travel 1 em, the recoils can be dastected only
if radiative decay has occurred, To distinguish Cl'?' ions from other
reaction products, a low-resolution magnetic spectrometer was to be
used. Since it was necessary to impart as much momentum &8 posgi-
ble to the recoil nucleus, using a 2-MeV Van de Graaff accelerator,

a reaction with a high C-value and with a heavy (e.2., mass 4) emitted

particle was sought. From Figure l two reactions are seen to qualify:

P, a)ct? 0, = 15.630 MeV;
4@, a)cle O, =13.574 MeV.

The second of these reactions was chosen because a natural nitreogen
target could be used; the (:13 reaction would require an enriched tar-
get. Also, the fact that the energy loss of deuterons in the target
would be much less than Eﬁiea nuclei would allow us to use higher beam
intensities for a given target thickness and temperature. Further,

1

the second state of C'2 was known to be populated in the Nm(d. )

reaction (Hoyle 1953, Dunbar 1953), and presumably has a higher

cross section.
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A schematic diagram of the equipment used is shown in Figure
2. Vith a deuteron bornbarding energy of 1.800 MeV, recoil carbon
ions at 90° in the laboratory syastem have an energy of 3.6 MeV for
ground-state reactions, and 2.5 MeV or 1.7 MeV if the firat or second
excited states are formed. The corresponding alpha-particle energies

and angles, and also the flight time t of the C:l

- ions through the 85-
cm path length of the spectrometer, are given in Table I. Recoil ions
of the proper momentum and energy were observed in delayed coinci-
dence with alpha particles of the proper energy and angle, the delay - -
being equal to the proper flight time for the ion. The two pulses

T

graphed.

and @) were displayed on a dual-beam oscilloscope and photo-

B. Target Manufacture
Target requirements for this experiment were stringent. Be-

cause of the low yield, it was desired to have a high NM

content;
however the active layer had to be kept thin for the recoil fons. The
calculated stopping power of VN {vanadium nitride) for 1. 7-MeV (.'212
jons is about 400 X 1071° v cmz/ molecule; hence the maximum al-

lowed target thickness for VN would be about 1018

mc»h:u::t.tlaa/t:m2 for
a 10% energy loss in the target. The backing of the target had to be
transparent to the emerging alpha particles, yet strong enough to
withstand the beam and the target-making procedure.

Organic materials, such as adenine (CSN5H5), although at-
tractive because of their high nitrogen content, had to be discarded

because of their inability to withstand high temperatures.
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Among the refractory metallic nitrides, gallium nitride was
thought to sublime without decomposing {Gmelin 1936, Sime 1956).
However, all attempts at vacuum evaporation at temperatures from
950 °C to 1400 °C resulted in decomposition; no nitrogen could be
detected on the targets. An attempt to evaporate silicon nitride
failed similarly.

Usable V1§ targets were made by evaporating vanadium onto
mounted C foils, and nitriding by heating in an atmosphere of am-
monia. An alpha-particle beam was used to heat the target. (See
Figure 3.) The procesas is described in detail in Appendix A. The
same procedure was tried with silicon, but apparently the temper-
ature was not sufficient to cai;,ae nitriding. %V hen titanium was evap-
orated onto carbon foils, they invariably broke, but some success
was realized with Ti by evaporating before the foils were mounted.

Target composition was checked by elastically scattering 1-MeV
protons from the target at a laboratory angle of 150°, Using a 10%-
inch double-focusing magnetic spectrometer, the protons scattered
from different masses in the region of interest were well resolved.
Figure 4 shows the profile of a typical target, and Table II lists the
compositions of the various targets used during the experiment. De-

tails of the calculation are included in Appendix A.

C. Recoil-Jon Detection
The alternating-gradient magnetic spectrometer indicated in
Figure 2 has been described by Martin and Kraus (1956). The entrance

slit of the magnet is elliptical with the major axis vertical. Being
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5/32 inch wide, 0.963 inch tall, and 3. 25 inches from the target, it
subtends a solid angle of 0.0ll steradians, yet has a mean width in
the reaction plane of only 2.4°. The path length through the magnet
from target to detector is 85 cm. An image slit 1/8 inch wide was
used for most of the experiment. The elastic-scattering edge of pro-
tons from a gold foil showed a momentum resolution of 5% for this
slit. This large value of Ap/p was very useful to obtain a reason-
able counting rate. For calibration, a 1/32-inch slit was also used;
the gold scattering indicated a resclution of 1. 3% for this narrower
slit,

With the axis of the entrance aperture of the magnet set at
a lab angle of 90°, the object position was determined by finding the
maximum counting rate with respect to motion of the beam spot.

target was bombarded with 1.17-MeV protons; 1. 37-MeV alpha
particles from the reaction Bw(p.ao)BGT were detected at the focus

of the magnet, and 431-keV gamma rays from Ii'lo(p.aly)r.’ae7 were
used as monitor counts. Beam position (vertical and east-west) could
be measured to within 0.003 inch on a quartz disk at the rear of the
chamber; north-south motion was measured by turnscrews. Only
vertical motion of the beam spot seriously affected the counting rate;
a deviation of 1/32 inch either direction from the optimum position
reduced the counting rate to one-half. A similar motion in either
horigontal direction had only a 15% effect. A beam spot approximately
1/16 inch high and 1/32 inch wide (1/16 inch square on the target) was

used during the experiment.
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The detector at the magnet focus was a 7 x 14-mm gold-silicon
surface-barrier detector manufactured by Oak Ridge Technical Enter-
prises Corporation (ORTEC). Initially counters made in this labora-
tory were used, but the commercial unit was installed before any.data
were obtained.

The pulse from the detector was amplified as shown in Figure
2 by a fast-amplifier system consisting of a single triode (417A) pre-
amplifier and four Hewlett-Packard type 460A wide-band amplifiers.
At the input to the second amplifier the pulse was clipped to 40-nsec
width with a shorted length of 93-chm cable. The amplified positive
pulse was fed to the coincidence mixer and to the lower-beam input of
a Tektronix type 555 dual-beam oscilloscope. The pulse height wase
about 1 volt for a 3-MeV particle; a vertical deflection of 0.5 V/em
was used. On the lower beam in Figure 5b, the two groups are deu-
terons (1.13 MeV) and alpha particles (2.27 MeV).

The pulse from the detector was also fed through a 1000-ohm
resistor to a low-noise integrating preamp (ORTEC type 100A). The
preamp output was connected to the internal amplifier of a 400-channel
analyser (Radiation Instruments Development Laboratories type 34-12).

These are also shown in Figure 2.

D. Alpha Detection
The target chamber used for the experiment (see Figure 6)
has provision for continuous variation of the angle & from 35° to 90°.
Since it was built before solid-state detectors were developed, it was

designed for use with a Csl crystal and a photomultiplier extending
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outside the chamber through a slot, with an O~ring as a sliding vacuum
seal. In any currently designed chamber, the counter would moze |
logically be mounted completely within the chamber, on a rotating arm
concentric with the target rod.

A tectangular slit is mounted in the counter holder to define
the solid angle of the alpha detector. A slit 0.032 inch wide and 0. 200
inch high, about the same solid angle as the spectrometer aperture,
was used in early runs, but eventual substitution of a slit 0,060 inch
wide increased the coincidence counting rate and decreased the de-
pendence on the determination of the angle 8. The effect of this change
is discussed in section IV D below.

Gold-silicon surface-barrier detectors ware made according
to the recipe of Dearnaley and Whitehead (1961). However after com-
mercial counters were obtained for use at the magnet focus, our
mounting technique was changed, as shown in Figure 7, in imitation
of the method used by ORTEC. In these units, epoxy is poured up to
the level of the front surface of the silicon, and the gold is evaporated
over the entire front surface to make its own contact to the grounded
case. The signal lead is made to the rear surface of the silicon with
conducting silver paint. The diode characteristics of three counters
made in thie £;shion. using 900 2-cm n-type silicon, are shown in
Figure 8. An alpha spectrum from a ThB source, taken with counter
9F and the biased amplifier as in Figure 2, is shown in Figure 9.
Although a resolution of 120 keV is not outstanding for a solid-state

detector, it is quite sufficient for this experiment.
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The fast amplifiers shown in Figure 2 for the alpha channel

12

are similar to those in the C°” channel, with the '"‘variable delay,"'

used to delay the alpha pulse by a time equal to the flight time of the
c!? recoil ion, inserted between the first and second amplifiers.

The delay consisted of from 0 to 255 feet of RG 114/U cable, which
could be switch selected in increments of one foot. The signal velocity
in this cable is 0.85 c; hence each foot of cable corresponds to a delay
of 1.2 nsec.

The pulses from the alpha counter were higher than those from
the ('.212 counter because the alpha energy was higher, Therefore less
amplification was needed in the alpha channel in order to get the re-
quired pulse height for operation of the coincidence mixer, It was
found that two of the Hewlett-Packard amplifiers could be replaced
with type 460B's, ivhich have lower gain but also have lower nocise
level. The output pulses were fed to the coincidence mixer and to
the upper-beam input of the oscilloscope; the pulse height of an 8.5~
MeV alpha particle was 1 volt (see the second highest group in Figure
5b). The scope gain used was 0.5 V/cm.

In place of a slow amplifier system sﬁch as used in the C:12
channel, the alpha channel had a biased amplifier (see Figure 2). The
40-nsec-wide fast pulse was fed through an additional Hewlett- Packard
type B armplifier to the biased amplifier which was set to discriminate
against the high background of elastically scattered deuterons, The
stretched and amplified pulse was then recorded or an RIDL 100-chanael

analyzer, so that gains could be monitored and scaler discriminator
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biases set to count first-state (afl) and ground-state (ao) alpha parti-

cles.

E. Coincidence Detection
A tunnel -diode coincidence mixer was used in this experiment

{see circuit diagram, Figure 10). Tunnel diodes were also used as
discriminators at each input of the mixer. Input pulses of the order
of half a volt were sufficient to trigger the diodes from the low-voltage
to the high-voltage portion of the characteristic curve. This low-level
switching characteristic was highly desirable because of the small
pulses produced by solid-state counters; any additional gain in the fast
C:l"3 channel led to oscillation. The amplifiers included in the mixer
produced a 20-V, 2-psec pulse for a count in either channel sufficient

to switch the tunnel diode. These ''fast ch

'" and ""fast ' pulses
were counted and recorded as a monitor of the fast-amplifier gains
and of the firing levels of the diodes. The coincidence output was a
fast-rising pulse suitable for triggering the oscilloscope sweep.

Both the upper and lower beams of the oscilloscope were set
to sweep on time base A, which was triggered by the coincidence mixer
as shown in Figure 2. The sweep time was 0.1 psec/cm, and x5 mag-
nification was used on both beams to give a resulting horizontal scale
of 20 nsec/cm. During each sweep, a positive 20-V signal is provided
at the ''+ gate out'' terminal of the time base unit. This pulse of 1-
pseé duration (0.1 psec/cm X 10 cm) was counted on a scaler as the

number of coincidences, and was also used as a gate signal for both

of the multichannel analyzers. An additional output signal provided
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by the oscilloscope is a ''delayed trigger output,'' which was set to give
a pulse at the end of the sweep times. This 8-V, 0.6-~-psec pulse was
used to trigger the film-advance mechanism of the camera. As an aid
to photography the regular P-2 green-phosphor cathode-ray tube was
replaced by a CRT with a P-ll blue phosphor. The résponse of our
film was much higher in the blue region of the spectrum. Also the
P-11 phosphor has a higher brilliance and a much shorter persistence,
which is important because our camcra had no shutter. We were able
to photograph persistent phosphorescence on the green tube for as
much as half an hour after turning off an intense beam; no persistence
of a quarter of a second or longer was observed with the P-11 phosphor.
It had originally been planned to observe the pulse-height spec-
trum from the counter at the magﬁet focus, gated by the coincidence
mixer. However it soon became obvious that most of the Clz ions ob-
served were in coincidence with first-state rather than second-state

iz from Bn recoils {from

alphas, and furtherraore that separation of C
Cl?’(d.c:)Bn reactions) would be difficult. (See Figure 2lc.) Thus it
was necessary to obtain correlated coincidence spectra, and this was
done in two ways. A simple but not always practical method was to
write down the addresses from each multichannel analyzer as each
ccincidence occurred, the difficulty sometimes encountered being the
''rapid"' counting rate which averaged one count every five seconds.
The other method was to photograph the dual-beam oscilloscope and to
measure the pulse heights recorded on film. The dead time for this

arrangement was only 1 psec per oscilloscope aweep, since double
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exposures could be recorded while the film was in motion. The film
gives as an additional piece of information the time separation of the
two pulses. This was useful because it allowed us to decrease the
time sensitivity of the coincidence mixer, and yet improve the time
resolution of the experiment. Use of a two-dimensional multichannel
analyzer, such as has since been acquired by the laboratory, would
not have allowed this time measurement, and would not have had
better energy resolution than the film system.

It might have been possible to use an existing camera and
Polaroid film to take our photographs, but the retail cost of the film
used would have been about $6000. Furthermore the dead time in-
volved in developing each print and changing film after every eight
events would probably have more than doubled the running time of
the experiment, Hence it was decided to design a camera to use film
available in 100-foot rolls, and 35-mm film was chosen to obtain the
largest practical negative size. Much assistance in choosing film
and lens was received from Mr. Robert Macek and Dr. Hans Kobrak
of the Synchrotron Laboratory. Tests with their cameras showed
that an extremely fast lens was necessary to record single sweeps
at 20 nsec/cm, and that Kodak Linagraph Pan film had better contrast
and speed than either Tri-X or Royal-X Pan films. The fastest lens
then available for 35-mm cameras, a Nikkor £/1.1, was obtained.
The camera design is shown in Figure 1l and discussed more fully in
Appendix B. A Beattie-Coleman electric film magazine was used;

the circuit used to trigger the film-advance motor after each sweep
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of the oscilloscope, shown in Figure 12, is also described in Appendix
B, as is the film-~developing procedure.

Not being designed for copy work, the lens was corrected only
for distances greater than three feet. Thus when used at six inches,
there was considerable barrel distortion, as can be seen in Figure 5a.
However by using the same lens and the same geometry in an enlarger,
all first order distortions were corrected. Figure 5b was printed in

this manner from the same distorted negative as Figure 5a.



IlI. PROCEDURE AND RESULTS

A. Non-Coincident Recoil-lon Spectra

For a magnetic spectrometer, the energy of a particle of mass
M and charge Z is given by (Brown 1951):

E=C .Eiz. i (1)

' Ml

where Cm is a constant depending on the radius of the equilibrium
orbit through the spectrometer, and I is the current reading of a
torsion-balance fluxmeter {Lauritsen 1948). Thus an energy spectrum
of the particles accepted by the magnet at a given curreat will show
separate groups with different values of 2%/ M. Figure 13 is such a
spectrum, taken with the alternating-gradient spectrometer at a set-
ting 1/ 1 =16.5, corresponding to a proton energy of 1.85 MeV. In
this spectrum two of the groups are recoil carbon jons: those with
charge (4+) result from first-state events, and the higher energy (5+}
group cémes from ground-state events. Ildentification of the groups
is aided by taking such spectra over a range of momentum {magnet)
settings. Figure 14 is & contour plot of the energy specira taken over
the range 10.7 & }./lz % 58.8; counts are plotted vs, E and 1/12. The
1/32-inch slit was used at the magnet image, and each spectrum was
normalired to 20,000 ground- plus first-state alpha particles counted

in the chamber detector.

B. Non-Coincident Alpha Spectra

The alpha-detection systein was calibrated with a ThE source
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{(see Figure 9). A typical non-coincident alpha spectrum is shown in
Figure 15. The four strong alpha groups above 5 MeV (bias is about

4 MeV for Figure 15) are identified by their energies as the three low-
eat states of the reaction Nu(d.a)cm. Qpny al’ and az respectively, _
and the ground state of Cla(d.a)Bu. All the groups must be alpha par-
ticles because the counter bias was such that protons of 4 MeV or more
would penetrate the depletion layer, resulting in pulses below the bias

of the amplifier.

C. Procedure for Recording Coincidences

After positive identification of the various particle groups
was made on the basis of the non-coincident spectra, the experimental
procedure was as follows. First, the spectrometer current was var-
ied and recoil-ion energy spectra were taken to find the maximum
non-coincident counting rate of Cl‘!(h) recoils from first-excited-
state events. {See Figure 16. This figure and all others referred to
in paragraphs G, D, and E of this section refer to that portion of the
data which was taken on film #15,) All counting rates are normalized
to the number (al t @y} of first-state and ground-state alphas observed
in the chamber counter, with the angle @ set to approximately the
proper value. Then without changing the magnet current, the delay
was adjusted so that coincident pulses observed on the dual-beam
oscilloscope occurred at the sarne time; Figure 17 is a multiple ex-
posure showing five (.'.1 2(4”_01 coincidences. Then the angle 0 was
varied to find the maximum coincidence couﬁting rate for C“' 2(41» )-ai

events (see Figure 18). The maximum rate per 10,000 (al+ ao) is
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After thus optimigzing, the three parameters were changed to
the appropriate values for C12(3+)-a2 events.

-I/Z.Sll .3
Fluxmeter: Iz = 11>< 1708 > y 0.910 11

Delay: £Z = El + 24 feet

Angle: 8, =8 -3.7°
The camera was connected, and runs of 40 pf on the charge integrator
{or about 375 pcoulomb of beam) were made. As each coincidence oc-
curred, the buzzer wired in parallel with the film-advance motor
sounded, and an attempt was made to record the addresses from the
400-channel analyzer (recoil ion) and the 100~-channel analyzer (biased
alpha spectrum) on a line with the frame number of the picture.
These pulse heights were used to supplement the information on the
film, and also served as a continuous check on gains and the overall
performance of the system. The number of coincidences counted
{number of sweeps of the oscilloscope) was also noted, in order to
keep track of double and multiple exposures. Each sweep was recorded
clearly even if the film: was in motion; hence the dead time of the sye-
temn was not determined by the half-second film-advance time, but only
by the l-psec sweep time of the oscilloscope. At the end of each charge
integration, the following numbers were recorded: elapsed time,
number (al + ao) of alphas of first-state energy and above (channel
30 and above in Figure 15), number @, of ground-state and higher
alphas {(channel 70 in Figure 15), number '‘fast a'' of alpha singles

sufficient to trigger the coincidence mixer, and number ''fast cién
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of particles in the recoil-ion channel energetic enough to trigger a
coincidence. Thus a continuous check on the triggering levels for
the coincidence mixer was made, as well as a check on target deter-
ioration. Occasional photographs (such as Figure 5) of non-coincident
spectra were taken as a check of gains and scope level shifts,

The results of a run are contained in three numbers:

RI = Clz(%)-al coincidence rate per 10,000 (a1 + ag);

a = (a)+ ao)/m.ooo;

Counts = number of 012(34»)-:12 events observed.

D. Energy and Time Normalisation

After films were developed, they were projected onto graph
paper using the camera lens, and forming an image the same size as
the original scope display. Each pulse height was estimated to 0.01
c¢m (probable error +0.03 cm), and the horizontal separation of the
centroids of the two pulses was estimated to 0.1 cm (probable error
#0.2 cm). The graph paper was adjusted so that the base line of the
upper beam (alpha pulses) was on zero; correction was made in the
normalization for the non-zero base line of the lower beam. At this
stage noise and peculiar pulse shapes were rejected. Double expo-
sures were also examined at this time; it was generally possible to
correlate them properly by position on the filrm and by comparing pulse
heights to observed multichannel analyzer addresaes, if any, but
occasionally two events were so overlapped that it was impossible
to decide which upper-beam pulse belonged to which lower-beam pulse.

These cases were discarded; in no case was a possible ''real'’ C12(3+)-a2
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event involved. For identification purposes, the second event of a
double exposure was given the negative of the frame number on which
ift occurred; all other events were identified by frame number. Of
fhe 896 frames exposed on film #15, 45 were non-coincident calibra-
tions, 1l extra sweeps were recorded from double exposures, and
349 frame s were noise; thus 513 coincidences were recorded on film
#15,

For each event, an IBM card was punched with the following
six numbers; film and frame number, 100-channel address (alpha)
if available, 400-channel address {(reccil ion) if available, upper-
beam pulse height (alpha) in cm, lower-beam pulse height (recoil
ion) in cm, and horizontal separation (positive if lower beam dis-
placed toward the right) in cm. The left half of Table IIlI is an ex~
ample showing the above information as punched on cards for frames
320 through 416 of film #i15. Where no entry was punched for an ana-
lyzer address, an entry ''-0.'' appears in Table III.

Since gains were adjusted each day, and subject to variation
in any one day, the data were normalized in groups. The punched
cards were fed to an IBM 7090 electronic data-processing machine
in groups of between 30 and 300, depending on gain shifts or oscillo~
scope level shifts. The strongest coincident group was first-state
alpha particles in coincidence with CIZ(SH ions which had lost suffi-
cient energy by straggling in the target to come through the magnet
with the energy and velocity appropriate to second-state events.

Because it was strongest, this group was used for calibration of all
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three variables: both energies and the time. An estimate of the Sy
pulse height on the upper beam was made, and the computer avaeraged
all pulse heights within 10% of the esti:nate and set the result equal
to 8.52 MeV. Assuming the oacilloscope pulse height proportional
to energy, all upper-beam pulse heights were converted into energiea
(£ UF in Table I1I}). Also, a linear relation between the addreas of
tire 100-channel analyzer and the upper-beam pulse height was found
by least squares, and the addresses were converted into enargies
(100 in Table II). ¥ no address was given, the energy K160 was
set equal to E UP, but with & minus sign to indicate that it was not
an ixiéepemient measure of the energy.

The reccil-ion energy was normaliged in the same manner,
with the exception that the 400~channel analyzer address was the pri -
mary standard when it was available, This was done because of the
poor resolution of the lower beamn on the film resulting from the
higher gain and higher noise level in the fast (.71 # channel as cor~
pared to the fast alpha channel. (Corupare upperand lower-beam
resolutions in Figure 17.) Thus the averages of all addresses within
10% of an estirated address for the C\>(3+) ion was set equal to 1,706

ieV, and the address was assumed proportional to energy. Recoil-
ion energies E LOW and E400 (see Table III) were calculated from the
lower beam and from the 400~channel analyzer address when available;
again E400 = - £ LOW if no address was recorded.

The time scale was normalized by averaging all values of the

horizontal separation within 0.3 cm of the estimated separation of
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the CIZ(3+)-C£1 coincidences, and setting this average equal to At=0,
The horizontal scale factor was taken to be the oscilloscope setting
of 20 nsec/cem, and a At was calculated for each event (DT in

Table III).

E. Determination of the Number of Counts
After the normaliration was completed. each event was added

into the appropriate location in a 30X 27 X 20 array representing £ UZ,
|£400 |, and DT respectively. (The absolute value of E400 was taken
because E400 had been given a negative sign if calculated from: the
lower beam instead of the 400-channel analyzer.) The range of alpha
particle energy was from 4.625 to 12.125 »ieV in 0.2530 MeV steps;

the range of recoil-ion energy was from 0.875 to 4. 250 MeV in 0,125
-MeV steps; and the range of At was from -52.5 to +47.5 nsec in 5.0
nsec steps, where At = 0 corresponds to a flight tiine of 162 nsec,

and & negative At indicates a higher velocity ion. The three-dimen-
sional array was printed out as 20 separate 27 X 30 two-dimensional
arrays, each corresponding to a different value of At. The three
center sections (4Lt = -5, 0, and +5 nsec) for the data from filim #15
are reproduced as Figure 19 a, b, and ¢. The circled group is the

Cl A (EH-)-(.!Z group, and contains 26 counts. The entire three-diﬁaensicnal
array i:'; plotted in isometric projection as a color-coded correlated
coincidence spectrum in Figure 20.% Color is used to identify the ver-

tical (time) axis, and a fourth dimension is provided by the area of the

* It is not practical to provide copies of Figure 20 in color with repro-
ductions of the thesis. However either a duplicate 2 x 2-inch color
slide or an 8 x 1l0-inch color print can be obtained at cost from the Kel-
logg Radiation Laboratory. In 1962, the cost of a duplicate slide was
30£¢ and the cost of a print was #3.50,
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circle at each point, the area being proportional to the number of counts.
The figure shows the 612(3‘-)-@12 group well separated from all other
groups, at Ea.= 6.1 MeV, EG” =1.7 MeV, and At = 0 nsec,

The vertical columns aloag the left rear wall of the figure are
deuterons in accidental coincidernce with the various alpha-particle
groupa. For the ¢, and @, groups, they extend through all time from
-40 to +40 nsec; for the less energetic alphas with smalisr pulse heights,
only deuterons within about 20 nsec registered as coincidehces. Two
other groups besides the group of interest occur at &t = 0; the CJ‘Z(Sf)-f.’-:I
group used for calibration, and also the 013(d.a')Bu ground-~state group,
which is the closest neighbor to the group of interest (see Table I). “At
Lt = -40 nsec, higher energy Clz'(éF’r) ions straggled from ground-state
events appear in coincidence with ground-state alphas. The rernaining
group at 4t = -30 nsec has mass 12 {(from energy and velocity determi-
nations), but an apparent charge of 3%! This can be explained by recall-
ing that first-excited-state events are 10% times as numerous as second-
state events, and noting that the energies for the group are approxirnately
thcge of the particles from a first-state reaction. Evidently the structure
of the magnet is such that a (4+) ion can reach the ceater of the magnet,
and if it undergoes a charge-exchanging collision there it may continue
through the rmagnet as a (3+) ion. A collision: probability of 1 in 104
within perhaps 4 cm of path length between the two segments of the mag-
net would be sufficient to produce the observed group. At a pressure
of 10'6 mm Hg, this would correspond to a collision radius of 1.5 2.

Tc show that the visualization of the coincidence counting rate
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as a function of three variables is necessary to identify counts, the
data of film #15 are also presented as functions of the single variables
&€, Ea, and EC' 2 {see Figure 21). In each of this figure the solid
areas are the 26 real counts identified from Figures 19 and 20, and the
shaded areas are the accidental coincidences with elastically scattered
deuterons in the recoil-ion channel. In Figure 2la these random coin-
cidences provide a measure of the resolving time of the coincidence
mixer. In Figure 21b the non-coincident alpha spectrum is reproduced
{cf. Figure 15) by the accidental deuteron coincideﬁces. Figure 2lc
confirms the statement made earlier that it is impossible to identify

counts by observation of the coincident recoil-ion spesctrum alone.

¥F. Experimental Results
After approximately 61 hours of running time with an average
beam intensity of 1 pA, the total number of counts obtained was 170.
The total of non-coincident e and @, was 4. 01 X 107. The value of
Rl' the Cl'?‘(‘lvf)-cz‘1 coincidence rate which was used as a measure of
efficiency, varied with changes in target thickness, sl;t geometry,
and possibly with vertical beam position; an approximate mean value

12 3+ )-tyz coincidences

for R, is 380, compared to the rate of 0.042 C
per 10, 000 (al + aa). A summary of the data for individual runs is
given in Table IV.

A background run was made using target C7-XIV, which had not

i gk atoms/cmz, how -

been nitrided. It did contain about 0.05 X 10
ever, which were probably included during the evaporation of vanadium,

which is a good getter. The run lasted 5 hours (at -4 A beam intensity),
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which would have been sufficient to obtain 15 counts on an average
target, or 0.2 counts from the nitrogen in the target used. No

Clz(3+)~a2 counts were observed. The values of R1 and @ are

included in Table IV,
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- IV. ANALYSIS OF RESULTS
A. Equation for rra d/ r

The ratio I.ra d/ i’ is the ratio of the number of Clz surviving
to the number of Clz‘ formed in the second excited state, or to the
total number of &, produced in the reaction. If € is the efficiency
of the system for detecting second-state coincidences,

Ei:r»a d observed 012(3{- )-a'z coincidences

—er = . ‘lz)
L €5 X total Qz

The efficiency €, for detecting first-state coincidences can be found
directly by experiment, since for the first state we know that
(]-'_"rad/l' )1 2 1; hence only the relative efficiency e?‘/e1 must be cal-
culated. |

observed 012(4&- )-ay coincidences

€y total & @3}

ot TP

X X . (14}

"“‘Sad - Counts/a
k2 %

L R,

Besides the relative population factor P = &l/ﬂz included explicitly in
equation 14, the relative efficlency includes three correction factors.
The most obvious, C, concerns the ratios of the various ionic-charge
states of the recciling nuclei, since we observe only a single charge
state at a time. The second, G, has to do with differences in the ef-
fective solid angle for the two states, including the effects of deflec-
tionz of the recoiling nuclei by gamma emission. The third correction,
T, has to do with the momentum widths of the recoil-ion groups from

the two states, co:npared to the 5% momentum window of the spectrometer.
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e?_/ela-cxcxz‘

¥ (3+)/ P (total) at 1.71 MeV
Gl (4+)/C ¥ (total) at 2. 51 MeV

X

effective df? for second state
eftective di! for first atate

x

% of an atate C12 group in momentum window (15)
% of 1% state G'° group in momentum window :

Then
i'racl > Counts % P
)4 aR, ToT
r
or ;’d = Sounts | here W= Egl XARy . (16)

Now the number W is proportional to the number of counts which would
be obtained if there were no statistical fluctuations; thus the per cent
statistical error for a given run is proportional to /¥W . If the result
' of each run is to be weighted inversely as the square of the error, the

proper weighting factor is W. But

-

W X, d/I"‘ = Counts;

hence

-
( rad = = {Counts) . 17)
‘, ——;:—)wg ={e ‘

-

Calculation of the various factors appearing in equation 16 and finally

the calculation of I ( ad/ I" are given in the following sections.
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B. Population Factor, P

From the alpha-particle spectrum of Figure 15, taken at the
bombarding energy Ed = 1,800 MeV and the angle @ = 67° used in the

experiment, the factor P is
?aal/az-- 3.00+0.09 . (18)

P was measured at several energies and angles, and was found to be
nearly constant between 1.7 and 1.9 MeV and between 67° and T1°. It -
is interesting to compare this result (equatioxi 18) with the value P = 17
obtained by Hoyle (1953) and Dunbar (1953) at a bombarding energy of
672 keV and at a lab angle of 90°,

C. Charge-State Fa;ctor, C
To determine the charge-state ratios of carbon ions emerging
from one of our VN targets, an elastic-scattering experiment was done.
Alpha particles from the Office~of-Naval-Research tandem accelerator
in Sloan Laboratory were used to bombard the carbon-foil backing of

target C5-1I (Table 1I), and ¢12 jons from Gn(}ieq'. (T."Z)He4

were ob-
served emerging from the VN side of the target at a laboratory angle

of 355°, The recently installed 24-inch double-foéusing ma_gnatic‘ spec-
trometer (Groce 1962) was used to analyze the emerging béam. and was
varied to observe as many charge states as possible at each of three
bombarding energies. The maximum solid angle (=0,014 éterudian)

of the magnet was used, and the image slit was 3 inch wide. The de-

tector was a surface-barrier counter, and the energv; spectra were

recorded on a 400-channel analyzer. A single-channel discriminator
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was set to include the C'2 peak, which occurred at the same energy
for each setting of the magnet. Another solid-state detector within the
target chamber was set at about 90° and the elastically scattered alphas
were used as a monitor of the charge integration and target deteriora-
tion.

At each of the three energies, which ¢cprresponded to ground-
state, first-state, and second-state recoil energies from the NM(&.C@)CR
reaction, the magnet was set at the appropriate value to observe a
prominent charge group, and the bombarding energy was varied to find
the maxirnum counting rate, At the angle chosen, the Giz recoil has
half of the energy of the incident particle; however because the ions
pass through about half the carbon backing and all of the VI layer, the
bombarding energies (given in Table V) had to be conaiderably higher.
At each bombarding energy the magnet current was changed in propor-
tion to 1/2.2 to observe the charge states Z.

Shown in Table V are the experimental results in the form of the

13—counting rate divided by the alpha-counting rate in the chamber

C
counter. Three or more readings were taken at each charge; the er-
rors quoted in the table are either the spread of the readings or the
statistical error, whichever was larger.

The data from Table V are converted into ratios in Tabls VI.

The quoted errors were calculated as follows. Let the ratio corres-

ponding to a charge state whose counting rate was A be

Reatsm
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where B represents the sum of all other charge states besides 4.

Then the square of the error in R is

(6R)% = (g% 8A)% + (B 68)°

A é & 2
= g8 - —2 - s (- 5B)
¥ (A + B) (A + B)®
SRA_RIEA, B 8B
B2 - 0 - 2 [E% + BB (19)

It should be noted that the errors guoted in Table V] are purely statis-
tical and do not include estimates of systematic error., Repetition of
the experiment under more adverse conditions (instability of the mag-
netic-field-measuring device and rapid deterioration of the target)
indicated that the errors should be doubled. The charge ratios from
Table VI are plotted in Figure 22 as a function of the velocity of the
ions.

The charge-ratio factor C is a ratio of two ratios, Though
it is hoped that systematic errors should be reduced by taking ratios,
the quoted errors in Table VI are doubled.

G < C443+) /G2 (total) at 1. 71 MeV
G 4(4+)/ G % (total) at 2.51 MeV

C « 0:485 0. 007
i -
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D. Geometry Factor, G

The initial direction of a recoiling C" i nucleus may be changed
by gamma-ray emission. A first-state recoil at 90° has an energy of
2.511 Mev and a momentum of 237 MeV/c; emission of the 4.433-MeV
y-ray may deflect it by as much as 1. 070, Similarly the momentum
of a second-state recoil is 195 MeV/c, and emission of two y-rays with
a total energy of 7.656 MeV will deflect the nucleus 2. 25° if both y-rays
are in the same direction and at right angles to the path of the ion. In
general, as many recoil jons will be deflected into the magnet entrance
as are deflected away from it. However since the alpha-particle
directicn depends only on the initial direction of the recocil ion, an
ion deflected into the magnet aperture may not be in coincidence with
an observed alpha particle. The losses will be greater for the second
state because of the greater possible deflection, and hence the relative
efficiency will be affected.

fince both the spectrometer-entrance slit and the alpha-counter
slit were tall compared to their widths, and the alpha slit was at least
2.8° taller than the spectrometer aperture, only the horizontal com-
ponent of the deflection was considered. Figure 23 shows the notation
used in the calculations. The center of the rectangular alpha slit, R,

is at the angle ﬁo corresponding kinematically to Clz‘

recoils at 90°,
and the angle ¢ is the angle determined by kinematics to correspond
toa Clz'* jon with an initial direction different from 90° by an amount
8. Momentum ;Y is carried off by the emitted gamina or gamm#s,

and the resulting deflection of the recoil ion i3 §, measured iu the
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horimontal plane. For small angles, the angle § is proportional te
the component p - of ;‘V parallel to the beam axis. Thuo knowledze
of the probability distribution for values of p » determines the prob-
ability distribution for .

The derivations of the probability functions %‘uﬁ'i(u.p) for the first
state and W z(q;) for the second state are given in Appendix C. If the
emission of the 4.433-MeV y-ray from the first state is isotropic,
which we assumed to bhe the case, then the distribution ?ﬁ.-”l(\p) is rec-~
tangular (see Figure 24). T