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ABSTRACT

By using a pair of large Nal spectrometers in a coincidence con-

figuration we have observed the charge exchange of stopped 7 in deuterium
- o .
™ +d-> 2n+7 .

We have measured the branching ratio of this reaction

- w(r d ~ ﬂonn)
w{r™d > all)

and find
R = (1.45 + 0.19) x 107%,

This measurement is the first observation of pion charge exchange at
rest in deuterium and represents an increase in sensitivity of a factor

of 40 over previous measurements. The measured value of R agrees well

b o<

‘with the recent theoretical result: of Beder(1.39 x 10~ R = 1.59 x 10_“).
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CHAPTER I

INTRODUCTION

When negative pions interact at rest in deuterium three processes

are energetically allowed.

1. m +d-+2n absorption
2, ® +d->2n+y radiative capture
3. ® +d>2n+1q° charge exchange.

Of these only the first two have been previously observed (PA51, CH54,
'i(USQ, RY63, KL64). Although searches had been made for the charge
exchange reaction in deuterium (PA51, CH55) it had not been observed.
In fact, the charge exéhange reaction for pions at rest .had only been
observed in hydrogen (PA51, C061) and helium-3 (ZA65, TR74).

It is common to define the ratios

S = w(r d + 2n)
w(r™d > 2ny)
and
K = w@ d +> 2n7°)
w(r™d > 2ny)
or
w@d > 2mr°)
R =

wr~d + all)



where w is the rate for the specified reaction. The previous experimen-
tal results are summarized in table I.l1. It is interesting to note that
those authors who have used liquid or gas targets have all measured a
‘negative (although consistent with zero) branching ratio.

The failure to observe the charge exchange reaction in deuterium
is a result of the identical parity of the 7 ~and m° (PA51, CHS5, TAS1,
BR51). In hydrogen the absorption process (1 p -+ n) is forbidden by

momentum-energy conservation and the allowed reactions are:

4, T +prn+y radiative capture,

5. T +p+n+1° charge exchange.
In helium-3 the correspoﬁding processes are:

6. 7 + 3He -~ 3H + Y radiative capture,

7. 1 +3He » 30 +1° charge exchange,
and the breakup reactions:

8. 7 +3e>n+d ,
9., 1 + 3He » p+n-=+n,
10. ﬂ—+3He+Y+n+d,

11. 7" +3%He >y +p+n+n.

In all cases the m capture proceeds primarily from an s state (LE62).

+.
In the case of hydrogen and helium-3 the nuclear spin and parity is £

In the case of deuterium it is 1+. For pseudoscalar pions we then have

a total initial spin and parity % in the case of hydrogen and helium-3.



EXPERIMENTER

Penofsky, Aamodt

and Hadley (PAS1)

Chinowsky and
Steinberger (CH54,

(CHSS)

Kuehner, Merrison

and Tornabene (KUS9)
Ryan (RY63)
Kloeppel (KL64)

Petrukia and

Prokoshxin (P}E66)

VALUE OF §

2.36 £ 0.5

2.39 £ 0.36

3.16 = 0,10

2.89 : 0.09

VALUE OF R

-0.007 £ 0.020

0.5 x 107

VALUE OF

=0.0034 £ 0.0043

K

= 0.025 £ 0.072

TABLE I.1

METHOD OF OBSERVATION

Compare Y-ray ylelds from *"d and 7 p reactions; gas terget; pair

spectrometer.

S: Compare y-ray single and neutron coincidence ylelds from 3-d reactions;
K: Compare y-ray singles and y-ray coincidence ylelds from ¥ d reactions;
liquid target; liquid scintillator for neutrons; lead converter-plastic
gcintillator telescope for y-rays.

Compare y-ray yilelds from n"d and 7 p reactions; liquid target; pair
spectrometer. )

Compare y-ray yields from n d and 7 p reactions; liquid target; pair
spectrometer. :

y-ray (internal conversion) yields from w d reactions in a bubble chazber.

Coincidence y-ray yields of LiDi lead glass detectors.



With no spin-flip the neutral pion will be emitted in an s state. In
the case of deuterium however the initial state is 1 . In the final
state the two neutrons, being 1Aenticai fermions, must have an anti-
symmetric wave function. The only possibilities allowed are a singlet
s wave (ls) and a triplet p wave (3p). 1In the case of a !s di-neutron
wave function the neutral pion must be emitted in a p state to conserve
.angular momentum. This results in a final state with positive parity
.and hence it is forbidden. In the case of a 3p di-neutron wave function
the neutral pion must also be emitted in a p state relative to the
-di-neutron in order to conserve parity. Since the reaction is only
slightly exothermic (Q = 1.10 MeV) the reaction rate is greatly retarded.
Of course, from an historical perspective the above argument has been
reversed and iﬁ fact it was the non-observation of a significant charge
- :exchange rate in deuterium whizh ied to the conclusion that the 7 and
7° must both be pseudoscalar particles (CH54, CH55).-
For scalat mesons the absorption reaction (1) is forbidden for a
1 in an s-wave atomic state but could occur for capture from a p-wave
~atomic state. Brueckner et al (BR51) have used a detailed balance ar-
gument for the reaction p +p +d + 7' to determine the ratio 'S’
for scalar pions absorbed from an atomic p-state and found a value which
is a factor of 30 too small to account for the experimental value‘deter—
mined by Panofsky et al (PA51). On the other hand the calculated 'S’
~ratio for pseudoscalar pions, which can be captured from an s-wave atomic
state, was found to be compatible with the experimental value.
:Tamor (TA51) has calculated the‘rates for the three deuterium
reactions (1,2,3) using all reasonable combinations of meson spins,

parities and coupling theories. In the calculation mesons of both



positive and negative parity were considered. Negative mesons of spin
0 and 1 were considered; however the neutral meson was known to decay
into 2 y-rays and hence only spin zero neutral mesons had to be con-
sidered.

In the case of scalar r the absorptibn reaction is prohibited from
the s-state and Tamor puts an upper limit of 4% on the number of mesons
absorbed from atomic orbitals with higher angular momentum in essentialA
agreement with Brueckner et al. If the 7 was a vector meson Tamor
predicts a ratio S=55, again in distinct conflict with Panofsky's data,
§ = 2,36 £ 0.5. The calculated ratios for both pseudoscalar and pseudo-
vectbr mesons were compatible with the experimental value of S. For
a pseudovector m he finds a negligible value of 'K' for either parity
of 7° and so nothing can be inferred from Panofsky's data. For a
pseudoscalar m the calculated value of 'K' is negligible in the case
of pseudoscalar 7° but K = 0.1 for scalar 1°. Thus the experimental
data of Panofsky, and later data of Chinowsky et al (CH55) indicate that
if the 1 is a pseudoscalar particle then the 7° must also be a pseudo-
scalar particle. |

We have now observed the charge exchange reaction in deuterium and

have measured the ratios K and R to be

+

K= (5.71 *+ 0.82) x 107*

+

R = (1.45 + 0.19) x 107"

This is in agreement with a recent theoretical result of Beder (MA77)
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1.39 x 107" < R < 1.59 x 107% .

The present work is a detailed description of the experimental work
and the data aﬁalysis which derives these ratios. The experiment is
.described in Chapter II and the details of the daté_analysis are reported
in Chapter III. Chapter IV includes a brief discussion of the -theore-
tical values as well as the relationships of these values with other
\loﬁ energy pion data. The details of some calculations have been placed
in appendices to avoid interrupting the flow of idéas. Appendix IV
ds a discussion of possible explanations for the anomolously low hydrogen
~contamination which was observed in the liquid deuterium target.

Future experimental studies of the effects described in this appendix

‘have been planhed (ME77).



CHAPTER II

THE EXPERIMENT

1. Kinematic Cbnsiderations

The experimental method employs a coincidence technique to observe
the 2y decay of the neutral pion. The coincidence technique has two
principle advantages éver a singles technique. First, the dominant
y-ray singles background from the radiative captufe process which over-
whelms any small charge exchange component is eliminated and second,
the coincidence geometry greatly favors the detection of the deuteron
charge exchange 7° (0.0 MeV < T“o(d) < 1.1 MeV) over the ﬁydrogen charge
 exchange nO(T"o(P) = 2.9 MéV). To understdand these advantages it is
usefui to first consider the y-ray spectra which one would observe from
the interaction of stopped m in hydrogen. As in the case of deuterium
the y-radiation arises from the radiative capture of the pions and also
from the decay of the neutral pions formed in the charge exchange process.
The radiative capture Y-ray is mono-energetic at 129.4 MeV. >The neutral
pion from the chargé exchange reaction is likewise mono-energetic with
Tﬂo(P)= 2.90 MeV. Since the reactions takg place at rest there is no
preferred direction and the distributions of these Y¥rays and pions will
be isotropic. If one now observes the yY-decay of the 7° in the lab
frame, one sees a y-ray with an energy which has been Doppler shifted by
an amount which is detefmined by the 7° momentum in the lab frame. In

Appendix I.1 it is shown that

(I1.1.1)

tr]
*
N
F

E; =P,cosO
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where O is the angle between the observed y-ray and the bion momentum
(figure II.1.1). Thus we see a continuous distribution of Y-rays

between the energy limits EL and EH

ot

Detector

-5

~Figure II.1.]1 nO%decay in the laboratory rest frame

determined by @ = 0 and ® =73 i.e.

ol m?
B ou 2 tF

or

E, . =

H.L (1I1.1.2)
’

NI+

In the case of hydrogen E. = 54.9 MeV and EH = 83.0 MeV. Further, as

L

1s shown in Appendix I.2, for an isotroﬁically distributed mono-chro-

o
matic T  the observed y-ray spectrum is the box spectrum



.
1o for E < E
dn < <
€y . ] gl
dEY K for EL E EH
0 for E > EH .

These features can be seen in the measured y-ray épectrum from stopped
r in hyﬁrogen (figure II.1.2). The deviations from a perfect rectangle
and delta function are consistent with the finite resolution function
‘0of the spectrometer.

In the case of stopped m in deuterium the situation is compli-
cated by the 3-body final state (ﬂonn and ynn). The Y-ray from the
.radiative capture channel is no longer mono-energetic but is spread over
a range of energies from O MeV to 131.5 MeV. Although the Y-ray spectrum
is more sharplf peaked at high energies (due to the attractive low
' energy s-wave neutron-neutron interaction) than a simple phase-space
calculation would predict there is still sufficient contribution in the
medium energy range (V70 MeV) to obliterate the details of the Y-ray
spectrum from the 7° decay (figure II.1.3). Furthermore, the singles
y-ray decay spectrum of the deuterium 7° will be superimposed on the
box spectrum created by the charge exchange in the hydrogen contamination
(nominally 0.3%) of the deuterium target. Thus the separation of the
small deuterium 7° Y-ray spectrum from the radiative capturé background
and hydrogen contamination would be a formidable problem. With hind-
sight it is possible to say that of the y-ray spectrum measured in the
55 MeV to 83 MeV region only 3% is from charge exchange in deuterium.

Fortunately both of these backgrounds can be eliminated with a
coincidence arrangement. That the radiative capture Y-rays are elimi-

nated with a coincidence technique is obvious. That the deuterium
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' Figure I1I.1.2
The Gamma Ray Spectrum of Stopped Pions in Hydrogen
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n° decays may be separated from the hydrogen n° decays is a fortunate,
éonsequencé‘of the differénce in Q-values for the two reactions and the
good energy resolution of the Nal spectrometers.

If one knows the energy of the 7° before it decays and defines

both the direqtion and energy of one of the decay Y;rays then the direction
of the ﬂo.momentum and the direction 6f the second y-ray are determined
up to an angle about the diréction of the first y-ray. (figure II.1.4)
The angle O between the 7° and the first y-ray is determined by (II.1l.1)
and using the conservation laws it can be shown (Appendix‘I.B) that the

angle ¢ between the two y-ray directions is given by the equation:

EY2 + (E'ﬂ' - Ey)z - PHZ . .
TR ) . (I1.1.3)
Y @ Y A

cos} =

'The second y-ray must lie on the surface of a cone of half—aﬁgle-¢

generated by a rotation about the axis of the first y-ray. It is clear

Detector 2 Detector 1

Figure II.1.4 The second y-ray cone
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that for detectors which subtend small solid angles there will only

A

1. From (1I.1.3) we find that

n

be a coincidence if ¢ ~ 0 or cos¢

this requirement means

We recall (from (II.1.2)) that these are the'maximum and minimum limits
-of the rectangular Y-ray spectrum. That is they correspond to the cases
- where the ° is travelling in the forward or backward directions along
‘the axis of the detectors. Hence, with small detectors and a small
source one would expect to see only Y-rays at energies 54.9 MeV and

83.0 MeV from the hydrogen deca&s (Two(p) = 2.90 MeV).

Since the deuterium ﬂo's.have a continuous spectrum due to the 3
fBody final state we would 2lso expect the coincident y-ruy spectrum to
‘be continuous with maximum limit 59.4 MeV and 76.7 MeV (T o () = -1 MeV).
Thus the yY-rays from the hydrogen 7° decays will be separated in energy
from the Y-rays which result from the deuterium 7° decays. Of course
in any experiment it is necessary to have sources and detectors of finite
size and the actual spectra obtained in each case must be determined by
an integration over the detector surfaces and the target volume. This
has the effect of allowing the hydrogen coincidence peaks‘to encroach
somewhat on the deuterium coincidence spectrum. Detailed calculations
of the coincident lineshapes and efficiencies have been performed for
hydrogen and deuterium and are presented in chapter III of this work.

The lineshapes shown in figure II.1.5 are the results for the geometry
-used in the present experiment and demonstrate the energy separation of

the deuterium and hydrogen events. It is significant to note that the
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net coincidence detection efficiency for deuterium 7° decays 1s 6.7 times

larger than the corresponding efficiency for hydrogen ° decays.
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2. The Spectrometers

The experiment was made feasible by the availability of two large
sodium jodide spectrometers, TINA and MINA. TINA is a cylindrical block
of NaI 45.7 cm. in diameter and 50.8 cm. in length. It is viewed by
seven matched 12 cm. photomultiplier tubes (RCA 4522). MINA is a cyl-
indef 35 cm. in diameter and 35 cm. long and is also viewed by four
matched 12 cm. photomultiplier tubes (RCA 4522). The sodium iodide
crystals are essentilally 1007 efficient and have sufficient resolving
power to separate the coincident gamma rays originating from deuterium
from those originating from hydrogen. Furthermore, the timing resolution
of 2.0 nsec (FWHM) obtained with constant fraction discriminators makes
it possible to separate the y-rays from the large neutron background
produced by the absorbtion and radiative capture channels. (The flight
path of about 1 m. gives 6 nsec time separation between the Y-rays and
the high energy neutrons). Figure II.2.1 shows the time spectrum of
TINA and MINA and the separation of the Y-rays and neutrons. Figure
I1.2.2 shows the energy response of TINA and MINA to beams of high
energy electrons. IOn the basis of an inverse square root relation-
ship with energy one would anticipate an energy resolution of about
v6.4% in TINA énd 7.9% in MINA in the 55 MeV - 83 MeV range. 1In fact
the resolution obtained in this range in the present experiment was
about 107 in TINA and considerably larger ‘than 10% in MINA. The increase
in width in TINA may be attributed to the use of a large collimator
(25 cm. diameter) and the problems of gain and zero instabilities encoun-
tered over a compératively long period of time. The large width in MINA
was found to be a result of insufficient voltages on the primary dynode

stages of the photomultiplier tubes. The resolution in TINA was still
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sufficient to separate the y-rays from the deuterium and hydrogen charge
exchange. The resolution in MINA was not sufficient in this respect.
Howe#er MINA was used to provide a test of the total energy,

ETINA + EMINA =M+ T, and to form a two dimensional histogram of the

coincidence events (Nc(ETINA’EMINA) ).
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3. The Experimental Arrangement

Figure I1I.3.1 shows the configuration of our apparatus in the
TRIUMF M-9 area. The pion beanm was produced by a 1 uA beam of 500 MeV
protons which strikes a 10 cm. beryllium target. The M-9 beam line
was tuned for 51 MeV negative pions (momentum -~ 130 ﬁeV/c). The beam
contamination under these conditions was measured by time of flight and
the beam was found to consist of 76% pions, 18% electrons and 6% muons
(Figure II.3.2). The incident beam is defined by the plastic scintillators

Jdabelled Cl and C2 and degraded in a 2.9 ém. sheet of aluminum.

- - 10 cm. Beryllium Target
0,000 o .
20,000 _ 130 Mev/C
G— 1 (76%)
60,000 : :
° e (18%)
] .
g o _ | j,
& 30,000 ) ) u (62) . \
] “ T
10 20 30

Time of Flight (nsec.)
Figure I1I.3.2 The beam constitution

The target flask was a cylinder 15.5 * 0.5 cm. long and 11.1 cm. in
diameter giving a volume of 1.7 liters. The walls were 0.036 cm. mylar
and the entrance window was 0.024 cm. mylar. The flask was wrapped in
10 layers of 6.4 x 10 *cm. aluminized mylar to reduce the heat load.

The deuterium was made by electrolyzing deuterium oxide which had a
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0.2% (by atom)’HZO comtamination. The ibnié content waé enhanced by
making a solution of solium peroxide with the deuterium oxide. The
resulting gas was analysed by means of a mass spectrometer. The hydrogen
contamination was found to be 0.3% to 0.4% although, due to calibration
difficulties in the low mass region, the reliabilitf of this measurement
is questionable. Thus the gas was taken to have a 0.3%7 hydrogen conta-
mination.

Beam particles whiéh did not stop in the target were vetoed by the
plastic scintillator C3. With this arrangement we stopped 25% to 50%
of the incident pion beam in the target liquid. The scintillators in
‘the pion beam were hidden from the Nal detectors with lead shielding to
‘reduce the contribution of charge exchange in hydrogen to a minimum.
The plastic scintillators C4, C5, and C5' served as charged particle
tags to distinquish electrcas from the y-rays entering the spectrometers.

A stopped pion was defined by the céincidence condition Cl:C2-C3.
An event was defined by the coincidenée of a stopped pion and a signal
from either TINA (T) or MINA (M). That is an event was defined as
Cl-CZ-EEu(T + M). - The pion stop rate was typically 2 x 10% sec™! and

the event rate was about 60 sec !l.
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4., Electronics and Data Collection

Figure II.4.1 is the schematic of the electronics. The outputs
of the TINA and MINA phototube bases were brought separately into the
counting room on low loss cables (FM-8) to allow the phototube gains to
be balanced. The signals were then summed in active fan-in modules
(LRS 127B, LRS 428) inside the counting room. The summed spectrometer
signals were split in isolated output fanout modules (LRS 128) and pro-
cessed for pulse height and timing informafion. All of the data was
digitized in CAMAC modules interfaced through a standard CAMAC crate
to a PDP-11-40 computer. The pulse height information was processed
in two channels of the LRS octal ADC (mbdel 2248). The timing information
was processed in two channels of an LRS octal TDC (model 2228). Since we
are interested in examining only "events" it was necessary to start the
TDC with the "event" signal. Because the timing quality of this signal
was poor a third TDC channel was used to record the time of passage of
the pion through C2 as a zero time reference. Hence the relevant times
are t., and t

t The timing of all three stop signals

c2 MINA ~ “C2°

was done with constant fraction discriminators (Ortec 463). The charged

trina T

particle tags C4 and C5 + C5' were fed into CAMAC scalers and a charged
particle was identified by a non-zero count in the appropriate scaler.
In addition CAMAC scalers were used to record the number of 7 stops
and the number of events observed.

Once an event had been accepted by the CAMAC - PDP-11-40 computer
system no further events éould be accepted until that event had been
’processed by the software. Although the time required to accomplish this
varied considerably depending upon the type of event this time did not
exceed 1073 sec. Thus the dead time for an event rate of 60 sec ! was

less than 6%. The software processing involved two stages. First the
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event was analysed and binned into time and energy histograms and
second, the»evept was recorded on magnetic tape for a more complete
off-line analysis.

In the on-line analysis seven one-dimensional 256 channel histo-
'gramé were formed. These were the TINA/MINA time spéctra, the TINA/MINA

Y-ray energy spectra, the time difference spectrum (T ) and

TINA T TMINA
the TINA/MINA coincident y-ray energy spectra. In addition one two
dimensional 64 x 64 channel histogram was formed. The axes were the
TINA coincidence y-ray energy and the MINA coincidence y-ray energy.

The data recording was done on Dectape and later the data were
transferred to IBM compatible 9 track magnetic tape. The Dectape has
the disadvantage of being a‘rather inefficient medium for storage of a
large amount of data and because we had only a finite number of these
small tapes the data recording had to be done selectively. Two modes
of data recording were used. In the "singles" recording mode events were
selected on the basis of their time of flight; data for neutrons not
being recorded. In general the recording threshold was set well into the
ﬂeutron time of flight peak to ensure that all y-rays were recorded.
In one run all neutron events in TINA were recorded. In the "coincidence"
recording ﬁode only coincident events were recorded but, with the exéep—

tion of one run, neutron coincidences as well as gamma ray coincidences

were recorded.
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5. Summary.

The data were taken over a period of about 68 hours beginning
on May 28, 1976. The data were recorded in 1ll.runs of singles recording
mode and 6 runs of éoincidence recording mode. Fxcept for one case in
which two short coincidence recording runs were taken consecutively the
coincidence recording runs were alternated with singles recording runs.
This was done to minimize the effect of ‘gain and zero shifts in the
pulse height data. A total of 2.2 x 109 n~ stops and 6,153,962 events
-were observed. Of these half were observed during singles recording

runs and half during coincidence recording runs.
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CHAPTER III

THE DATA ANALYSIS

1. The Off-line Analysis

Because the data were recorded on magnetic tape it.was possible
to do a more refined data analysis than that provided by the on-line
computer. In particular it was possible to apply gain and zero channel
stabilization to the data during the re-analysis and thereby significantly
improve the energy resolution. It was also possible to generate various
histograms which were not available in the on-line analysis and to
adjust the definition of y-rays and neutrons on the basis of the time
spectra. The time spectra of‘TINA and MINA for a single run are shown
in figure III.i.l with the time definition of the y-rays marked. As
can be seen there was_good separation between the neutrons and Y-rays
in TINA and the overlap may be considered to be negligible. In MINA
the separation was not quite as good. This was partially due to the
smaller distance from the target and partially due to an increased peak
width. TINA was 122.9 cm. from the center of the target and there was
a time separation of 7.2 nsec. between the y-rays and the high energy
neutrons. MINA was 103.2 cm. from the target center giving a time
separation of 6.1 nsec. These times aré indicated on figure III.1.1
and are seen to be consistent with the leading edge of the neutron peak.
The increased width of the MINA y-ray peak can be understood in terms of
the low gain on the primary dynode stages of the photomultiplier tubes.
This same problem also resulted in poor energy resolution in the MINA
spectrometer. Even with the reduced separation in MINA the overlap of

neutrons and y-rays was negligible,
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The energy spectra of the singles Y-rays in TINA and MINA are
shown in figure III.1.2. In the TINA spectrum there is an obvious
shoulder‘at 55 MeV due to the charge exchange box spectrum from the small
hydrogen content of the target. As mentioned earlier deuterium charge
exchange Y-rays comprise only 3% of the events in this region. The high
energy edge of the box spectrum is hidden in the rapidly rising radiative
capture spectrum. In the MINA spectrum the energy resolution was not
sufficient to see any indication of the charge exchange box spectrum.

It has been mentioned previously that there were problems with gain
and zero stability over the duration of the experiment., The extent of
the problem is seen by examining the zero point energies and radiative
capture centroids for individual runs. Theée values are plotted as a
function of run number in figure III.1.3.. The curve drawn on these
points serves only to guide the eye. One would expect thatrthe width
of a peak would be increased by at least an amount comparable to the
zero shift. In TINA this was about 4 MeV and in MINA 7 MeV. This was
a serious problem in view of the small energy separation between the
hydrogen and deuterium charge exchagge lineshapes (about 5 MeV).

One of the beauties of an experiment which records raw data from
events on magnetic tape is that it is possible to compensate for this
type of problem in a dynamic way. In order to do this the energy para-

meters were re—-defined as:

= GT(ET - ZT) ’

L

Cu(By - 2y

:id
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where ET and EM are the energy data for TINA and MINA recorded for a
particular event, ZT and ZM are zero point adjustments associated with
'TINA and MINA respectively and GT and GM are adjustable gain factors.
Dynamic gain stabilization was achieved by continuously modifying the
gain and zero parameters in such a way as to correcf for the gain and
zero shifts in the original data. It was necessary to define the cen-
troid energies (C°% and zero point energies (ZO) which were to be main-
tained. The choice of these values is entirely arbitrary. However
once they have been determined the gain (G) and zero (Z) parameters
should be chosen so that the initial centroid and zero point energ&

of the data will correspond to the chosen fixed values (Co and Zo).

The fixed zero energies were taken to be
z%= 0.0 (channel number) ,
“Z£)= 0.0 (channel number) ,

The initial zero parameters were then chosen as the average zero point

energy of run #1;

N
I

19.03 (channel number) ,

"7.62 “(channel number) ,

2y

The fixed centroid energies were taken to be the average centroid position

for run #1 corrected for the inifial_zero parameters (ZT and ZM);
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Cg = 132,27 (channel number) ,
C§ = 173.54 (channel number) .

 With these values for the fixed centroid energies the appropriate choices

for the initial values of the centroid parameters (CT and CM) were

n'n
ZO

Hence the initial value of the gain parameters was 1.0.

A y-ray event was recognized as a high energy y-ray if E" was
‘within one half width at half-maximum of the fixed centroid energy.
For such events the centroid parameter was adjusted by an amount AC

where

AC = k (E-C) ,

kc being a small (<<1) constant, and the gain was re-defined with the

new value of C.
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Except in the case of a coincidence event zero energy events were
available for one spectrometer when the event was the result of a
response in the opposite spectrometer. .Because there was no "stop"
signal for such events they could be recognized by anuoverflow in the
corresponding time data. For zero energy events the zero parameter

was adjusted by an amount AZ,
AZ = k,(E - 2) ,

where kZ is a small ( <<1) constant. Of course the adjustments were
applied after the event itself had been‘analysed to avoid any auto-
biasing effects. Suitable values for ke and kz were found to be 1073

and 10”4 respectively. The variation of the parameters was monitored

-as the stabilized analysis was done. The results are plotted in figure
I1I.1.4. The indication from these graphs is that for both TINA and
MINA most of the observed fluctuation was due to the zero shift. The
effeqtiveness of the stabilization may be measured by comparing the
centroid positions for individual runs with and without the stabilization.
These centroid positions have been plotted in figure III.1.5. 1In TINA
the improvement is seen to be a factor of 3. In MINA the improvement is
more than a factor of 2. The residual differences in centroid position
among the runs were corrected by stretching all 