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. . t6 
:. A measurement of the muon capture rates trom the ground state o£ 0 · 

16 
. · ... -. to states of known~ sp~ and parity in N has been suagested as a method for. 

. 1-3 
. . determining ~e value of the induced pseudoscalar coupling constant. 

·form of coupling exists 1n the general weak-interaction Hamiltonian of 

· .. ·· Goldberger and_ Trelman because o£ the presence of strongly interacting 

;· .· 

I 
·' ·' 

··.· ... -~ particles. They predict that this coupling constant has a value o£ approximatel)t · 
·: . 

;.,. · .. 8 gA if the induced pseudoscalar coupling ls introduced vla a one-pion inter

mediate state. 4. Since the induced pseudo scalar coupling is proportional to th~ 
· -.·;· ~~- mass of the lepton involved, the effect is more likely to be observed in muon 

··. capture tha.li. in beta decay. 

Observation of the basic muon-nucleon interaction, muon capt-ure in 
; 

· · · .,.·' hycitog~n; 18 experimentally difficult. Therefore, one observes capture in 

n ~ : •' • 

.. . . .· .. ··complex nuclei and hopes that knowledge of the nuclear physics of the reaCtion . · 

will allow the determination of the muon-proton lntera~tlon. Experimental 

·. '-~ [,·, · evldence5 tor. the existence of a peeudoscalar interaction comes ftom observa. 

·~.. > '" ' 

•• >. tlon of the angular distribution o( neutrons following capture of polarized muons, · 
• .. , .. 

. )' 

· 3 tz 
the muon capture rates in H, He , and C • and from results of radiative 

·.:· ·. :-- ·-

': .. ~apture in Ca 40• The partial•capture rates in oi6 have been measured 

... .;'. 
. . . 

. . 6 . . 
recently at Columbia, by using a .method different from that reported here. 

. _.· Figure ··1a shows the level and decay scheme 7 ::..for· muon ·. capture in 

:- · '·' . o16'leading t~ the low-lying states of N16• Theoretical calculations show 

that the captute rate from the ground state (Jp = o+) of oi 6 to the 

' .,. 
. \ 

~~ . ~ 

·J 
~ 
' ;t. 

~ 
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excited state (0 ·) of Nt 6 ls very sensitive to the lnduc~d pseudo scalar inter- - , · ; · 
- '!. 

action. Capture in~o the o· state is identified by looking for ~e t20-keV -gam~;,; . L : 
· .'.~ :. · · ray which is emitted when the o• level decays to the ground •trte. However, _. +l~:;J{!:·:<· 

' . _, 

: • .. · 

. - - . . .. : 
the 0 state can also ~e fed by direct capture to the t state followed by a '·' j• 

\ . 

cascade ganuna ray of 276 keV. The transition rate into the o· state is then 

found by measuring the number of 120· and 276-keV gammas emitted per 

stopped muon. Capture can occur into the higher excited states of N16 that are 

above the threshold for neutron emission, but a knowledge of the level widths 

leads one to believe that decay by gamma-ray emission from these higher states 

can be regarded as negligible for the purposes of the present experiment. 

This experiment was conducted in the summer of t 963 at the Berkeley ·1 

184-Inch Cyclotron. Muons were identified by a time•of-flight system and - ~~" 
-~1 

brought to rest in a i •ln. -thick, 2-1/2-in. ·diam water cell, where some were;~_:ry · 
··~ 

captured by the 01.6 nucleus with a characteristic muon mean life o£ 1.81 JJ.Sec. ~. · 
- ! 

·-Figure ib shows the experimental arrangement. A stopping muon was register

ed electronically by a coincidence between the time-of-flight system and 

counter 3, with no count in counter 5. The muons were stopped at a rate of 

... 250/ sec. A!ter a stopped muon was identified, the sodium iodide crystal was 

· ··. · used to look for delayed gamma rays from the water target. 

The apparatus was designed to display the energy spectra of delayed 

gamma rays for different time intervals. The data were collected in five time 

bins which were .spaced 0 to 4, 4 to 8, 8 to 12, -12 to 16, and 30 to 34 !J.sec 
·- -. 1 

. . . 

: after the ar~ival of the muon in the target. We refer to these time bins as 
.... . . 

' . ' . . ·~. -.,.i • T2, T
3

, T4, and .,.5 respectively. The 276-keV gamma ray appears ~ith the 
. . . - . 16 

lifetime char~cteristic o£ muon capture in. 0 and consequently should be 

expecte~ mainly in .,.1 and 'T2• The o· level is metastable with a lifetime of 

. ; 8.26 J.LS~c. 9 a_nd therefore the time distribution of the i20•keV gamma rays 

.. ~ 
. ! 

; 
. ' 
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displays a buildup and decay, and is present ln all time bins. ri'he purpose of . ' 
· .. _ -~~~~ - ~ ' 

!ffi! 

· ·· · ·· · bin "s is to display\the shape and magnitude of the random bac~ground. Only a . · · 
~ . . . '• 

smaU traction o£ iZO-keV gammas persists in "s• and a corre~tlon for it can .. • .1;: ·J· 
... · '· ~[ .•' 

be made. easily. Fig~re Za shows the pulse·he~ght distributions ln "t, ,.2, '1'3, :t <l. 
and .,

4
, 

The pulse-height spectrum in .,.1 contains the 1 ZO-keV, 276-keV, and 

possibly the 3.96-keV line (i .. to 2• transition). The line at 206 keV comes 

·f· 
~- .- f 

. t Z7 1 27* · · ~- : 
; . from the reaction I (n, n•) I in the. Nal crystal produced by the neutrons f 

.. ··,.·. 

k 
from muon capture. The background arises from high-energy products of l 

muon capture in o16 which deposit only part o£ their energy in the Nal. This 
11 

· 

16 . : 
background has the 0 lifetime of t.81 Jl.sec, and makes analysis o£ the data' 

. in ,.t very difficult.. In .,.
3 

and .,.4 the background is almost entirely random in 

nature, and can be removed accurately _by using .,.
5

• 

To 1mpro_ve the peak-to-background ratio for the 276-keV lirie,, we used 

· the correlated iZO·keV gamma ray which follows it. Those events in T1 which 

were .followed by a 120 .. keV gamma ray in 1"2, .,.
3

, or 74 were displayed 

separately in a new bin, .,.6• This additional requirement removed most of the . _ 
' 

ba~kground from under the Z76-keV peak. The result obtained is shown in · 

Fig. 2b. 

The absolute efilciency of the sodium iodide .detector was measured by 

using mu-mesic X-rays and radioactive sources of known activity. The 

· mu~mesic X-rays were !rom the K ... series in oxygen, sodium, magnesium, and 

< . aluminum. The thickness of the X-ray targets were calculated to give the same 

-- ···' .. 

.. absorption as water for escaping X-rays, and in some cases the geometry o! 

the target :was extended in order to approximate more closely the solid angle .. 

used in the experiment proper. The target could be removed from the apparatus 

; ·. 

' . 
l 

-~ 
i 

'.•' .· 
'. 
'. 
' 
' . <~. , and replaced by an identical cell containing a known amount of radioactive substance~ 

·\ 
i 
i 

~ 
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dissolved in water. There were four of these cells. containing co 57 
I cr5t. 

·~" ·· .Hs203, and Be 7• S~th methods of calibration were used perlo~cally as 
. . . . ~ 

; :.: .. . ;, checks on the apparatus. The efiicienc:y curve obtained from ~ese data is . 
. . t' ~ ' 

·• .··'' · · shown in .Fig. 3. 

After subtraction of background in the time bins. there are 30,000 

6 
t20~keV events ln "z• t7,600 in '7'3, and tt,SOO in 14 for tSOX tO muons 

stopped in the target. This gives 0.46Xto•2 for the number of tZO-keV gamma· 

' .. ·._, 

rays per stopping muon. The number of Z76-keV gamma rays is obtained by 

fitting a backgro~d plus the known shape of the. 279-keV line from the Hg203 ;, 
~ 
n 

calibration so.urce to the data. There are 950 :t 50 events under the photopeak~ 

·3 6 giving t .8.X t 0 ~7 ·keV gammas per stopping muon. From these numbers 

.. the partial-capture rates given in Table 1 can be determined. The results are 

compared with the Columbia experiment, which used a different method of 

background analysis and did not make a correlation requirement for identifica

tion of the 276-keV gamma ray. 

I, 

i/ 

In principle, the pseudoscalar coupling constant can be computed when the 

+ -0 - 0 transition rate ls known. However, as shown in Table I, the several 
. i-3 

theoretical calculations that have been made disagree with each other. In 

the present state of the theory, the only firm conclusion is that the pseudoscalar 

$; coupling constant is positive. For a more precise evaluation, one needs not 

, .· , . only the proper Hamiltonian, but also a good o16 wave function. Some velocity 

c.·· 

', '· .. 

terms (order .e/m) must be inct'uded.ln the Hamiltonian because of the high 

momentum transfer (-too MeV/c) involved in muon-capture reactions. This 

contrasts with ~ decay, where the momentum transfer is small, making the 

· · velocity terms negligible. Also, the 0 .. wave £unction is not a pure jj coupling 

configuration, but has a small component whose amplitude is not well known. 

· Since the transition rate. is sensitive to the magnitude of this small component, 

. more calculations are required. These calculations are in progress at· 

Berkeley in collaboration with Dr. Vincent Ciillet. 

•J ,.· 

.. .r . . . . 
;.1 
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~16 final' 

. state Experimental Theor;etlcala 

Berkeley Columbia Ericson and Sensb 

t,611:0.~ t.t. o.z d 
u· 

t.4zO.Z 
. e 

1. 7 3 :1:.0.1 0 

a. Conserved vector current and sp• 8gA ls used. 

b~ See reference 3. 

c. See reference 2 • 

t.oo 

2.01 

Duck c 

o· . (t· ~ 0.95 

. d, This :rate has been revised from that given by Cohen et al •. in Phys. Rev • 
.Letters ·tl, 134 (i963). We thank the Columbia group for allowing us to 

. publish flUs number. · 
e. They assume a t • to o· branching ratio of 0. 75. 
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FIGURE LEGENDS 

Fig. t. (a) Level and decay scheme 7 for the mUon•capture reaction in oi6J 
, . I 

. ! t6 
(b) counter\arrangement for measuring capture rates;in 0 • 

Fig. z •. Sodlwn iodide pulse .. belght spectra (a) in time bins "t through '1'4 

for t SOX to6' muons stopping ln the target and (b) in time bin .,.6• 

' ' ',!1 ·,. 
.. f 

. . ' ' . . . 

which requires a correlation. between a delayed fZO·keV gamma ray · ·· 

and a count in bin "t• 

. Flg, .3. Total Nal counter efficiency obtained from ~'"me~sic\X-r~ys·artd 

radioactive sources dissolved Ln water • 

. . 

.. ·- ··i 

-.. · . 
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r , 396 keV · 

3-, 296keV (not observed) 

o-, 120 keV {metastable) 

-;:;J"-'--.....J..--. 2-

No.3 
No.5 ~P counter 

' ---- J, •• , ~~ ... -- ~ ... ,. -·~'-'-··-- ~----··._., •. 

cJ
Nal .. , · 

•' 

' 
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Fig. 1 



. . 
~*uzub.-·6Yf&";' .. >rit?

1 'MP·-

'- n 

1 ·.-. 

. . ... _.·· 

... 
··_.. ;,_' ". 

... 
,i, 

~ i .. 

--; 

·., 

6000 

4000 

···.-: 

.-::_ .. 

. ····· ,/'. 

··,.; 

··:r 1 '· 20 

. · .. ' 

• 

• 

• • • •• 
• 

••• • 
• 
• 

0 • c 

• 

l ' 

• 

• •• o•" • • 0 

• 
e 

0 

•· • 0 

, •. ,< 

·:' 

-9-. 

• T1 , 0.45 -4.45,u.sec 
a T2 ,4.65-8.65,u.sec 
1 T3 , 8.65-12.65,u.sec 
o T4 , 12.65 -16.65,u.sec · .. • 

• 

• 
• • 

•• • ... ... 
• 
• • 

(a) 

• 

e •• • • • • • e - • • • 

• ... 
. . ... .. 

• 

•• 

• 

• • 

• 
•• 

• 
• 

e 
0 

0 

• 

(b) 

UCRL-1.1299 . . . 

-·: 

,.-.. ... 

~' "' . ::: 
;. I II 

.· .. · 

:- ~ ' 

·, . 

., 
·*"i·{ 

I 
! 

. --~~: 

-~ ..... ._. 
'!'u;u;,..;_ 

,"-_ 

_;...,'• 

'i 
'i k 

~ if- . 

. ' ; :l 
. . ~ ~~ 

·,. 

-··.:'' 

.. ~-

.··.··, .... 

;<t', 



·,._ . 
.... ; 

--~--
0 -
~ 
u 

/ c: 
,• Q) 

I 

.. 
u 
"'-
"'-
w 

''• 

-· '· ... ·. 

-: ... 

.'":" 

.. 

;,__· .. ' ·._ .. 

-· . , 

0 

: .. ; 

-- •. 

Co 57_ 

• 

·I o'& 
: I 

-::: '. 
.··•.: ··,. 

.. _·--~ ., 

100 

r :. 'j ~ '· 

· . .- .. ' 

·.:• 

/ 

-~ ... , ....... . 

•• & 

. . ) . 

!. ' 

200 

No 
I 

Energy 

···.' ·~ .. 
-..... ~-

, ..... _ •• 0 

0 

• 

H 203 ' 
g 51 

Water 
Mesic 

£I ir .. 
Mg . I -·_:\.. 

AI 

· ..... 

source 
xray 

300 400 

(keV} 
Fig.3 

r 

Be7 

~ 

500 

'i.\u-33082 

-··:-

-. ,.-

I ,_.. 
0 .. 

c::: 
() 

~ 
t-' 
I ,_.. 

,_.. 
N~ 

-.!) 
-.!) 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com• 
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 



fl ' . 
' 

Ia 
.·~ 

~ 
. 

' '• .. . , • c., 

. . 

fl 




