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ABSTRACT 

We have used a  d i r e c t i o n a l  gas Cherenkov counter ,  which 

employed s i x  phototubes t o  sample Cherenkov l i g h t  from s i n g l e  

p a r t i c l e s  having a  gamma g rea te r  than -10, t o  achieve acc iden ta l  

r a t e s  of l e s s  than one per day i f  operated near t a r g e t s  with 

su r face  r a d i a t i o n  l e v e l s  of a s  high a s  10'~ r / h r .  The cosmic 

ray background measured by our apparatus was reduced t o  less 

than one per day by mounting our d i r e c t i o n a l  Cherenkov counter  

above t h e  i r r a d i a t e d  t a r g e t s  and fac ing  toward t h e  ea r th .  Two 

searches  of a  few days dura t ion ,  a f t e r  bombardments a t  energ ies  

of 300 BeV and 400 BeV with > 1016 protons a t  NAL, were made i n  

four  inch t h i c k  t a r g e t s  of aluminum, mounted j u s t  down stream 

from another  aluminum t a r g e t .  No long l ived  p a r t i c l e s  were 

observed with c ross  sec t ions  f o r  production and capture of approx- 

imately l e s s  than a  micro-micro barn i n  a  l i f e t i m e  range of a  few 

t o  a  few thousand hours.  

'supported i n  p a r t  by t h e  U.S. Atomic Energy Commission. 



I. INTRODUCTION 

Whenever a  new energy range is opened up f o r  experimental 

i nves t iga t ion  by t h e  design and cons t ruc t ion  of a  new high energy 

acce le ra to r  it i s  of i n t e r e s t  t o  ca r ry  out  searches f o r  new and 

unpredicted p a r t i c l e s .  This  paper descr ibes  the  negat ive r e s u l t s  

of a  search f o r  new massive long l ived  p a r t i c l e s  produced i n  

th i ck  aluminum t a r g e t s  by 300 BeV and 400 BeV protons a t  the  

National Accelerator  Laboratory. 

Unlike the  an t ipro ton  (and the  pos tu la ted  but unobserved 

p a r t i c l e s  such a s  t h e  quark, magnetic monopole, and in termedia te  

vec tor  boson) s t r ange  p a r t i c l e s  were unpredicted p a r t i c l e s .  Had 

they not possessed the new strangeness quantum number they would 

have decayed v i a  t h e  s t rong i n t e r a c t i o n  with extremely shor t  

l i f e t i m e s  and have been exceedingly d i f f i c u l t  t o  d e t e c t .  On the  

o ther  hand, had s trangeness been r igorous ly  conserved, t hese  new 

p a r t i c l e s  would have been s t a b l e .  Forbidden t o  decay e l e c t r o -  

magnetical ly,  but  a s  i t  turned out  not  forbidden t o  decay v i a  the  

weak i n t e r a c t i o n ,  these  p a r t i c l e s ,  v i o l a t i n g  s trangeness i n  t h e i r  

decay, turned out  t o  have l i f e t i m e s  of t h e  same order  of magnitude 

a s  previously observed strangeness conserving weak decays. 



There is no reason t o  be l i eve  t h a t  t h e  c r e a t i o n  of new 

p a r t i c l e s  possessing new quantum numbers, and decaying by t h e  

v i o l a t i o n  of some new symmetry w i l l  r ecur  a t  higher  energ ies ,  

but  i t  was t h i s  hope t h a t  prompted t h e  search  f o r  long l ived  

p a r t i c l e s  described i n  t h i s  note.  ( Such a phenomenon might 

i n  f a c t  account f o r  t h e  non-observation of magnetic monopoles. 

I f  magnetic monopoles were too massive t o  be produced a t  acce l -  

e r a t o r  energ ies  they could still  be produced a t  cosmic r ay  energ ies  

i n  undisturbed moon rocks. Over t h e  long l i f e  of the  moon 

appreciable numbers of monopoles could have been produced even 

i n  t h e  small  cosmic ray f luxes .  I f ,  however, t h e  magnetic mono- 

pole decayed, v i o l a t i n g  monopole charge conservat ion,  one could 

not  p red ic t  i ts l i f e t i m e .  However, t h e  p robab i l i t y  of observing 

magnetic monopoles i n  moon rocks would then  be  reduced by t h e  

r a t i o  of t h e  decay l i f e t i m e  of t h e  monopole t o  t h e  age of t h e  

moon. This might be an exceedingly s m a l l  number). 

Because of t h e  small  p r o b a b i l i t y  of f ind ing  new and 

unpredicted p a r t i c l e s  t h i s  experiment w a s  designed t o  adhere t o  

c e r t a i n  c o n s t r a i n t s :  t h a t  it be c a r r i e d  out with l i t t l e  cos t  

and e f f o r t ,  wi th  a v a i l a b l e  equipment, and t h a t  it be p a r a s i t i c  

i n  na ture .  

The bas i c  purpose of the  experiment was t o  search  f o r  the  

decay of massive p a r t i c l e s  of long h a l f - l i f e .  Our aim was t o  

achieve a s e n s i t i v i t y  of a few decays per day i n  t h e  presence 

of cosmic ray background and i n  t h e  presence of t h e  high l e v e l s  

of r a d i o a c t i v i t y  expected i n  t a r g e t s  i r r a d i a t e d  with 5 300 BeV 

protons a t  NAL. 



To do so we chose t o  look f o r  decay modes of these  heavy 

p a r t i c l e s  which would u l t ima te ly  lead t o  p a r t i c l e s  of very high 

ve loc i ty .  To separa te  these  decay modes from r a d i o a c t i v i t y  i n  

our t a r g e t  w e  chose t o  use a gas Cherenkov counter  a s  our bas i c  

de t ec to r ,  (using one t h a t  had been designed and used f o r  previous 

experiments). By s e t t i n g  t h e  pressure  of t h e  gas i n  the Cherenkov 

counter above the threshold f o r  the  highest  energy e l ec t ron  t o  

be expected from beta  rays  o r  from gamma rays  r e s u l t i n g  from the  

nuclear r a d i o a c t i v i t y  i n  the  t a r g e t  we hoped t o  opera te  without 

background i n  exceedingly high l e v e l s  of r a d i o a c t i v i t y .  It was 

our d e s i r e  t o  avoid t h e  use of s c i n t i l l a t i o n  counters  a s  the  b a s i c  

de t ec t ion  device s ince  we expected (as  it turned out ,  c o r r e c t l y )  

t h a t  they would be swamped by the  r ad ioac t ive  emissions from the 

t a r g e t .  New p a r t i c l e s  of multi-BeV masses decaying by IT' or ganuna 

r ay  emission would produce converted e l e c t r o n s  of such high gamma 

t h a t  they would produce l a r g e  pulses  wel l  above t h e  Cherenkov 

counter threshold .  Our apparatus would a l s o  be s e n s i t i v e  t o  p a r t i c l e s  

decaying i n t o  charged pions with momenta 2 1.5 Gevlc. Unfortunately,  

gamma rays  from rad ioac t ive  decays which s t r u c k  the  phototube 

envelopes or  t h e  quar tz  windows of t h e  gas Cherenkov counter would 

produce converted e l e c t r o n s  which i n  t u r n  would produce Cherenkov 

l i g h t .  To remove t h i s  source of background we employed s i x  phototubes 

viewing t h e  l i g h t  from t h e  same event t o  reduce t h e  number of 

acc iden ta l  coincidences due t o  gamma ray  i n t e r a c t i o n s  d i r e c t l y  

with t h e  quar tz  windows or  phototubes t o  a n e g l i g i b l e  amount. 



In  order  t o  reduce cosmic r a y  background considerably,  we 

chose t o  take advantage of t h e  d i r e c t i o n a l  property of our 

Cherenkov counter and of the  d i r e c t i o n a l  c h a r a c t e r i s t i c  of t h e  

cosmic ray f lux .  The i n s i d e  of t h e  entrance window of our gas 

Cherenkov counter  was blackened. The Cherenkov counter was 

mounted v e r t i c a l l y  above t h e  t a r g e t  aiming towards t h e  e a r t h ,  

i n  t h i s  way us ing  the  e a r t h  a s  our cosmic ray s h i e l d .  Our f i n a l  

t r i g g e r  r a t e  from cosmic r ay  background (using a u x i l i a r y  

s c i n t i l l a t i o n  counters  described below) was one event in 10 days, 

compared t o  two per day with t h e  Cherenkov counter  i n  a hor i -  

zonta l  pos i t i on .  

I n  our experiment, t h e  protons passed through a primary 

t a r g e t  of length  II followed immediately by a secondary t a r g e t  

of length  L .  The primary t a r g e t  served a s  a source f o r  new 

p a r t i c l e s  and a s  ma te r i a l  f o r  slowing down p a r t i c l e s  which could 

come t o  r e s t  i n  t h e  secondary t a r g e t .  The secondary t a r g e t  was 

chosen of an appropr ia te  s i z e  t h a t  matched t h e  acceptance ape r tu re  

of our Cherenkov counter .  It a l s o  acted a s  the  r a d i a t o r  t o  convert 

gamma rays  produced by p a r t i c l e  decays i n  t h e  secondary t a r g e t .  

The secondary t a r g e t  was removed from t h e  acce le ra to r  beam l i n e  

and c a r r i e d  t o  our apparatus.  

The y i e l d  of new p a r t i c l e s  is propor t ional  t o  the  c r o s s  

sec t ion  f o r  product ion,  t o  t h e  t o t a l  number of protons inc ident  

on the  t a r g e t ,  and t o  t h e  p r o b a b i l i t y  t h a t  a p a r t i c l e  produced 

i n  t h e  primary o r  secondary t a r g e t  i s  captured i n  t h e  secondary 

t a r g e t .  Unfortullately, without a knowledge of t h e  mass and 



prope r t i e s  ( s t rongly  or  weakly i n t e r a c t i n g ,  charged o r  uncharged, e t c . )  

of t h e  new p a r t i c l e s ,  t h e  capture process is obscure. Thus i t  i s  very 

d i f f i c u l t  t o  e x t r a c t  a  c ros s  s e c t i o n  o r  r epor t  an upper l i m i t  t o  a  

c ross  sec t ion .  We s h a l l  include i n  t h i s  paper a l l  t h e  re levant  para- 

meters t h a t  can serve a s  t h e  b a s i s  f o r  such a  c a l c u l a t i o n ,  but f o r  

d isp lay  purposes we s h a l l  de f ine  a quan t i ty  aPC, which is an e f f e c t i v e  

c ross  sec t ion  f o r  production and capture  i n  our secondary t a r g e t  geometry. 

It i s  defined a s  t h e  c ross  s e c t i o n  t h a t  would be  obtained i f  t h e  p a r t i c l e  

was produced and captured i n  t h e  t a r g e t  s tudied  by t h e  de tec t ion  apparatus.  

Most p a r t i c l e s  slowing down by t h e  usual  i on iza t ion  mechanism would 

escape our t a r g e t s  so t h a t  t h e  capture  p r o b a b i l i t y  would be small. 

In  one we l l  defined case ,  t h e  production of magnetic monopoles, apC 

is i n  f a c t  t h e  t r u e  c ross  sec t ion  s ince  the  highly ioniz ing  monopoles 

would not  escape the  t a r g e t .  However, new types  of p a r t i c l e s  might 

possess new in t e rac t ions .  

B. Pontecorvo'l 'in h i s  suggest ion f o r  searches  f o r  new s t a b l e  

p a r t i c l e s  was we l l  aware of t h e  capture  problem and of t h e  d i f f i c u l t y  

of s topping ene rge t i c  p a r t i c l e s  i n  matter .  He proposed t h e  p o s s i b i l i t y  

t h a t  new p a r t i c l e s  produced i n  nuclear  t a r g e t s  might have a  f i n i t e  

p robab i l i t y  of capture  i n  t h e  n u c l e i  of t h e  t h i n  t a r g e t ,  forming new 

kinds of hyper-nuclei. I n  1971, a Dubna group(2)searched f o r  new long 

l ived  p a r t i c l e s  produced i n  (2 cm) aluminum and aluminum plus  tungsten 

i n t e r n a l  t a r g e t s  of the  Serpukhov acce le ra to r  by 70 BeV protons. Our 

experiment d i f f e r e d  from t h e i r s  i n  t h r e e  main respec ts .  a )  Since we 

used an ex t rac t ed  proton beam impinging on a  t h i c k  aluminum t a r g e t ,  

t h e r e  was a  g rea t e r  l ike l ihood t h a t  p a r t i c l e s  made i n  t h e  primary t a r g e t  

would s top  i n  the  secondary t a r g e t .  b) We used considerably higher 

bombarding energy. c )  We used a  d i r e c t i o n a l  gas Cherenkov counter  

t o  achieve very low cosmic ray and acc iden ta l  backgrounds. 



11. EXPERIMENTAL ARRANGEMENT 

Figure 1 shows the  experimental arrangement of our apparatus.  

The Cherenkov counter was mounted v e r t i c a l l y  above a lead shielded 

region i n  which the  aluminum t a r g e t  could be deposi ted.  Lead was 

placed below t h e  area  occupied by t h e  quartz  windows and t h e  

phototubes i n  order  t o  a t t enua te  gamma rays  from the  t a r g e t .  

Although our gas Cherenkov counter  was our b a s i c  de t ec t ing  

device,  we chose t o  add t o  t h e  apparatus four  s c i n t i l l a t i o n  

counters.  Two of the  s c i n t i l l a t i o n  counters ,  denoted S3 and 54, 

were placed behind t h e  lead sh ie ld ing  and above t h e  phototubes. 

The p a r t i c l e s  from extens ive  a i r  showers t h a t  might s t r i k e  t h e  

phototubes or  t h e i r  quartz  windows would pass  through S3 and S4 

and they could be used a s  an ant ico inc idence  device t o  e l iminate  

t h i s  source of cosmic r ay  background. S c i n t i l l a t i o n  counters  S1 

and 52 were placed i n  coincidence and loca ted  a t  t h e  e x i t  of the  

gas Cherenkov counter.  It was not  c l e a r  a t  t h e  ou t se t  of t h e  

experiment whether they would be a b l e  t o  be employed because t h e r e  

ex i s t ed  t h e  p o s s i b i l i t y  t h a t  they would be swamped with p a r t i c l e s  

from t h e  aluminum t a r g e t .  I f  they could be used, however, they 

would serve  a number of u s e f u l  funct ions .  F i r s t ,  they would serve  

t o  b e t t e r  de f ine  t h e  s o l i d  angle of t h e  de tec to r .  Second, only 

p a r t i c l e s  passing through t h e  Cherenkov counter making a l i n e  

between t h e  aluminum t a r g e t  and S1 and S2 could be considered a 

t r u e  event.  While t h i s  would reduce t h e  s o l i d  angle,  i t  would 

a l s o  e l iminate  background pulses  from cosmic r ays  en te r ing  i n  a 

l a t e r a l  d i r e c t i o n  through t h e  Cherenkov counter .  Because t h e  



Cherenkov counter had r e f l e c t i n g  wa l l s ,  even t h e  s e n s i t i v i t y  of 

the  Cherenkov counter f o r  off-axis  r ays  was not  inappreciable.  It 

turned out  i n  p r a c t i c e  t h a t  the  signal-to-noise r a t i o  was improved 

by the add i t ion  of these  s c i n t i l l a t i o n  counters ,  and t h a t  they 

could, i n  f a c t ,  be used i n  the  l e v e l s  of r a d i o a c t i v i t y  i n  which 

we operated s ince  the  acc iden ta l  r a t e s  i n  the gas Cherenkov counter 

were so low. 

111. THE CHERENKOV COUNTER 

a )  Construction 

The Cherenkov counter was housed in  a cy l inder  which possessed 

a 300 ~ b s . / i n . ~  pressure  r a t i n g .  Within t h e  pressure  chamber was 

located an Alzak aluminum rec tang le  of dimensions 6" x 11.5" x 60". 

A t  t h e  pressure  a t  which t h i s  Cherenkov counter  w a s  operated,  

(250 l b s . / i n S 2 ,  C02) Cherenkov l i g h t  from an inc iden t  p a r t i c l e  

would r e f l e c t  from the wal l s  of the Alzak and eventua l ly  s t r i k e  

a p a i r  of mir rors  a t  t h e  end of the  Alzak r ec t ang le  a t  45' t o  t h e  

a x i s  of t h e  Cherenkov counter.  The Cherenkov counter was o r i g i n a l l y  

designed t o  be viewed by two 5" phototubes n e c e s s i t a t i n g  3" t h i c k  

quartz  windows t o  provide the  pressure  s e a l  f o r  t h e  chamber. Because 

of our concern over acc iden ta l s  a r i s i n g  from y r ays  convert ing i n  

t h e  windows, we redesigned the  counter t o  be viewed by two c l u s t e r s  

of t h r e e  2" phototubes (56~VP's ) .  These tubes viewed t h e  Cherenkov 

1 
l i g h t  through o p t i c a l l y  sepa ra t e  quar tz  windows of only lg cm.  

thickness.  This not  only reduced t h e  volume of t h e  quar tz  consid- 

e rably  (a f a c t o r  of 15) but  a l s o  enabled us  t o  r equ i re  up t o  a 



six-fold coincidence. The ent rance  window of t h e  Cherenkov 

counter was a  one qua r t e r  inch t h i c k  aluminum curved sec t ion .  

This and the  aluminum of t h e  t a r g e t  i t s e l f  comprised t h e  m a t e r i a l  

serving t o  convert photons. 

b) Cal ibra t ion  

The c a l i b r a t i o n  was performed with cosmic r ays  but  with t h e  

counter fac ing  away from the e a r t h ,  opposi te  t o  t h e  arrangement 

shown i n  Figure 1, in  order  t o  g e t  apprec iable  r a t e s  f o r  ca l ib ra -  

t ion .  S c i n t i l l a t i o n  counters  were placed above and below t h e  

entrance and e x i t  windows of the  Cherenkov counter  and served 

t o  r equ i re  the  cosmic rays  t o  pass  roughly along t h e  a x i s  of the  

Cherenkov counter .  I n  add i t ion  t h e  p a r t i c l e s  were requi red  t o  

pass  through t h i r t y  two inches of i ron  in order  t o  ensure t h a t  

muons having a  gamma g rea te r  than twelve were used in t h e  c a l i -  

bra t ion .  The Cherenkov counter w a s  run  a t  250 pounds pressure  

of CO which provided a gamma threshold  of 8.3. 
2  

Each phototube was t y p i c a l l y  85 t o  90% e k f i c i e n t ,  r e s u l t i n g  

i n  a  s ix-fold coincidence e f f i c i e n c y  of 49%. Requiring any two 

out  of t h ree  tubes on one s i d e  (Kl) i n  coincidence with any two 

out of t h ree  on the  o ther  s i d e  (K2) r e s u l t e d  i n  an 80% e f f i c i ency .  

This l a t t e r  requirement,  which was used a s  our bas i c  t r i g g e r ,  w i l l  

henceforth be r e f e r r e d  t o  as "fourfolds".  The sum of the  pulse 

he ights  of a l l  s i x  phototubes was recorded and is shown i n  Figure 

2. The smooth curve peaking a t  a  r e l a t i v e  pulse height  of about 

62 is the  c a l i b r a t i o n  curve f o r  cosmic r ays  f i l t e r e d  by i ron .  

This curve r ep resen t s  what pulse he ight  d i s t r i b u t i o n  i s  t o  be 

expected from decays of massive p a r t i c l e s .  Typical  " ta rge t  out" 



background i n  our geometry i s  a l s o  shown in Figure 2. A t  a 

r e l a t i v e  pulse height  of 40, which was the  a r b i t r a r y  cutoff  

we employed, very few cosmic r ays  i n  our experimental geometry, 

would s imulate  a t r u e  (y > 8.3) event.  This curve represents  

the  crude curve obtained without use of t h e  s c i n t i l l a t i o n  

counters.  

To take  advantage of the  exce l l en t  time d e f i n i t i o n  of 

Cherenkov r a d i a t i o n ,  the  r e l a t i v e  time of K1 and K2 was recorded. 

The f u l l  width a t  ha l f  maximum obtained from t h e  c a l i b r a t i o n  run  

was 2.2 ns. 

SV . ELECTRONIC LOGIC 

Each phototube was connected t o  a d iscr iminator  t h a t  had 

t h e  f e a t u r e  of allowing t h e  input  pulse t o  be taken out  again 

with only a 15% l o s s  i n  pulse height .  This  analogue pulse  

went t o  an ADC which recorded i t s  pulse he ight .  The d iscr iminator  

outputs  of t h e  t h r e e  phototubes on each s i d e  of t h e  Cherenkov 

counter were sen t  t o  a two out  of t h r e e  major i ty  coincidence 

c i r c u i t ,  (K1 and K2). A K1-K2 coincidence defined a n  event .  

This event pulse was fanned out  and was used t o :  

a .  Gate t h e  ADC's 

b. Gate on a c i r c u i t  which measures t h e  r e l a t i v e  timing 

of K 1  and K2. 

c. S t a r t  a read out  ~ ~ s t e m ( ~ ) w h i c h  records  the  event 

on an incremental tape recorder .  

The da ta  recorded on tape were: 

a .  Indiv idual  pulse he igh t s  of t h e  six phototubes 

viewing t h e  Cherenkov counter .  

-9 - 



b. Pulse he ights  of a l l  four  s c i n t i l l a t i o n  counters .  

c .  Rela t ive  timing of K 1  and K2. 

d. Absolute time of t h e  event obtained from a 5 Mc 

o s c i l l a t o r  feeding a 48 b i t  s c a l e r .  

V. EXPERIMENTAL PROCEDURE 

The t a r g e t  used i n  our experiment has a c ross  s e c t i o n a l  a r e a  

6" x 4" and was 4" long (along t h e  beam d i r e c t i o n ) .  It was placed 

j u s t  downstream of t h e  primary t a r g e t  which had t h e  same cross-sect ion 

but was 12" long. The beam i n t e n s i t y  was monitored a t  t h e  con t ro l  

room us ing  a secondary emission monitor i n  t h e  ex t r ac t ed  beam l i n e .  

The t a r g e t s  were loca ted  a t  t h e  nu-hall  site a t  NAL. 

When t h e  acce le ra to r  shut  down, t h e  t a r g e t  was manually 

removed and transported a d i s t ance  of two mi les  t o  t h e  bu i ld ing  

housing t h e  experimental apparatus.  ( I t  is t h i s  procedure t h a t  

precludes the  de tec t ion  of p a r t i c l e s  with a h a l f - l i f e  of less 

than approximately one hour with production c ross  sec t ions ,  

2 
oPC ; cm. ). The t a r g e t  d a t a  and de tec t ion  times a r e  l i s t e d  

i n  Table I. 

The 300 GeV r e s u l t s  a r e  presented i n  two ways: with t h e  

Cherenkov counter  alone,  and with t h e  s c i n t i l l a t i o n  counters  

added to  the  Cherenkov t r i g g e r .  The reason f o r  t h i s  i s  t h a t  t h e  

s c i n t i l l a t i o n  counters  were not  ope ra t iona l  f o r  14.4 hours a f t e r  

the  aluminum t a r g e t  was placed under the  Cherenkov counter .  Thus 



t h e  300 GeV data  is presented over a 26 hour i n t e r v a l  without t h e  

s c i n t i l l a t o r s  and over a 12.7 hour i n t e r v a l  when the s c i n t i l l a t i o n  

counters were used. 

When f i r s t  removed from t h e  a c c e l e r a t o r ,  t h e  r a d i o a c t i v i t y  

measured a t  t h e  sur face  of t h e  t a r g e t ,  bombarded at  400 BeV,  w a s  

20 r / h r .  With t h e  t a r g e t  i n  p lace  i n  our apparatus,  the  s i n g l e s  

r a t e s  of the  Cherenkov phototubes were 2.5K per second, making 

t h e  ca l cu la t ed  fourfold acc iden ta l  r a t e  of < . l / yea r  n e g l i g i b l e  

compared t o  the  fourfo ld  t r i g g e r  r a t e  of two per hour. The 

s ing le  r a t e s  i n  S1 and S2 were 250 K per second. Their measured 

coincidence r a t e  was 2.6K per second, while t h e i r  computed 

acc iden ta l  r a t e  w a s  1 K  per second. The s i n g l e s  r a t e s  f o r  S3 and 

S4 were only 7.OK per second, s ince  these  counters  were sh ie lded  

from d i r e c t  rays  from t h e  t a r g e t  with l ead ,  a s  shown i n  Figure 1. 

A l l  s i n g l e s  r a t e s  dropped by a f a c t o r  of approximately two a f t e r  

t h i r t e e n  hours,  which agrees  with our surmise t h a t  t h e  l a r g e s t  

24 
source of r a d i o a c t i v i t y  would be Na . 

V I .  ANALYSIS 

a )  Cuts 

The following c u t s  a r e  applied t o  the  raw da ta .  

1. Timing (T) c u t :  t h e  r e l a t i v e  time of K 1  and K2 i s  requi red  

t o  be  wi th in  - + 4.5 ns  of the  c e n t r a l  value.  Figure 3 shows 

t h i s  time d i s t r i b u t i o n  f o r  t h e  c a l i b r a t i o n  and f o r  t h e  t a r g e t  

out (background) runs. With t h i s  wide cu t  no l o s s  i n  events  

is expected. Had t h e r e  been measurable chance background, 

one could have used + 1 ns  and reduced t h e  acc iden ta l  r a t e  

r e l a t i v e  t o  t h e  t r u e  events.  



2. Pulse height  (P) cu t :  the  sum of t h e  pulse  he ights  of t h e  

s i x  phototubes i s  required t o  be g rea t e r  than f o r t y  pulse 

height  u n i t s .  Figure 2 shows t h i s  d i s t r i b u t i o n  f o r  t h e  

c a l i b r a t i o n ,  t a r g e t  i n ,  and t a r g e t  out  runs with t h e  T cu t  

appl ied .  Histograms f o r  t h e  300 and 400 BeV and t h e  t a r g e t  

out runs a r e  almost i d e n t i c a l  and have e n t i r e l y  d i f f e r e n t  

shapes than the  c a l i b r a t i o n  runs taken with high energy 

cosmic rays .  

3 .  S c i n t i l l a t i o n  counter ( S )  cut :  t h e  s c i n t i l l a t i o n  counters  

S1 and S2 were both requi red  t o  have a  pulse  height  of a t  

l e a s t  t h a t  of minimum ioniz ing  p a r t i c l e s .  53 and S4 were 

each used a s  ant i -coincidence counters .  The event was 

r e j ec t ed  i f  a p u l s e  height  g rea t e r  than one f i f t h  minimum 

ioniz ing  was recorded i n  e i t h e r  53 o r  S4. 

b) Background 

Three background runs were taken, one a t  t h e  Univers i ty  of 

Pennsylvania, and two a t  NAL. These a r e  summarized i n  Table 11. 

The t i m e  d i s t r i b u t i o n  of the  157 hour run  a t  NAL is shown i n  

Figure 4 f o r  both "fourfolds" and "six-folds",  with t h e  T cu t  

appl ied but  without t h e  P and S c u t s .  

c )  Target I n  

Table 111 lists the  r e s u l t s  of the  300 GeV and 400 GeV runs. 

No events  were observed when a s i x f o l d  coincidence was demanded 

along with the  S, T, and P cu t s .  The pulse height  d i s t r i b u t i o n s  

a r e  shown i n  Figure 2 with a  T cu t  but  no S c u t  appl ied.  The 

absolu te  time d i s t r i b u t i o n  is shown i n  Figure 5 f o r  t h e  fourfo lds  

when t h e  T cu t  is applied.  



d)  Eff iciency 

The number of p a r t i c l e s  produced by proton-nucleon inter- 

ac t ions  and stopping i n  our secondary t a r g e t  is given by: 

where opC is t h e  e f f e c t i v e  c ross  sec t ion  discussed i n  t h e  i n t r o -  

duct ion,  r is the  proton r a t e ,  L i s  t h e  length  of the  t a r g e t  
P 

( i n  t h i s  case the  4" l ength  of t h e  secondary t a r g e t ) ,  T is t h e  

mean l i f e ,  and T and T .  a r e  t h e  f i n a l  and i n i t i a l  times of 
f  1 

i r r a d i a t i o n .  Since the  beam was on and of f  i n t e r m i t t e n t l y  with 

varying i n t e n s i t i e s ,  the  above formula was applied t o  each 

i n t e r v a l  during which the beam i n t e n s i t y  was cons tant ,  using thc 

t a rge t ing  h i s t o r i e s  supplied by t h e  con t ro l  room. The number of 

decays t h a t  would be observed is given by 

T and T a r e  t h e  f i n a l  and i n i t i a l  de t ec t ion  times, 0 1 4 ~  is 
2 1 

t h e  f r a c t i o n a l  s o l i d  angle defined by the  pos i t i on  of t h e  

s c i n t i l l a t o r s  S1 and S2 (6" x 11.5") loca ted  a d i s t ance  of 8 '  

from the  t a r g e t  and y ie ld ing  a  f r a c t i o n a l  s o l i d  angle of 6 x 

E is t h e  de tec t ion  e f f i c i ency  of the  Cherenkov counter  f o r  a  
C 

p a r t i c l e  with y ~ 1 2 .  (cc = .49 f o r  a  six-fold coincidence 

requirement.)  

There remains t h e  quest ion of t h e  na ture  and number of t h e  

daughter p a r t i c l e s ;  e .g . ,  i f  t h e  parent  p a r t i c l e  were t o  decay 



only v i a  n o ' s ,  we would have t o  mul t ip ly  N by t h e  p robab i l i t y  
D 

t h a t  a t  l e a s t  one gamma ray converts .  (-60% f o r  a  s i n g l e  no 

decaying a t  the  cen te r  of the  secondary t a r g e t ) .  For purposes 

of our crude est imate,  we w i l l  take t h i s  number t o  be uni ty .  

The r e l a t i v e  e f f i c i e n c i e s  f o r  the  300 GeV and 400 GeV runs a r e  

shown i n  Figure 6. 

e )  Resul t s  

The bes t  upper l i m i t  f o r  opC i s  obtained by r equ i r ing  a  

s ix-fold coincidence and applying a l l  t h r e e  c u t s  (S, T ,  and PI. 

Table I V  lists these  upper l i m i t s  at  t h e  two standard dev ia t ion  

l e v e l  f o r  var ious  mean l i v e s .  Their r e l a t i v e  e f f i c i e n c y  curves,  

depicted i n  Figures 6 and 7 ,  can be used t o  determine cross  

sec t ions  f o r  o ther  mean l i v e s .  

f) Conclusions 

We have found no evidence f o r  new massive long l ived  p a r t i c l e s  

having ha l f - l i ves  between roughly one and one thousand hours 

produced by t h e  i r r a d i a t i o n  of an aluminum t a r g e t  with protons of 

energ ies  300 and 400 Bev. Upper l i m i t s  t o  t h e  "cross sec t ion"  

f o r  production and capture  a r e  i n  t h e  micro-microbarn reg ion  

( 1 0 - ~ ~ c r n ~ ) .  This upper l i m i t  i s  a  t r u e  c r o s s  sec t ion  f o r  t h e  

production of uns table  monopoles. (We no te  t h a t  t h e  de tec t ion  of 

uns table  monopoles r equ i re s  n e i t h e r  t h e  e x t r a c t i o n  of magnetic 

monopoles from m a t e r i a l s ,  nor t h e  need t o  sepa ra t e  monopoles from 

antimonopoles, which a r e  requirements i n  o ther  types of searches.  ( 4 )  ( 5 )  

The de tec to r  we have described is unusually f r e e  of background 

i n  the  presence of both highly r ad ioac t ive  sources and cosmic ray 

background, having de tec ted  only one count i n  a  10 day running period. 



References 

1. B .  Pontecorvo, Sov. J .  Nucl. Phys. - 11, 473 (1970). 

2. A. V .  Dem'yanov, A.  V .  Kulikov, A. V .  Kuptsov, 

G .  G .  Mkrtchyan, L .  L .  Nemenov, B.  M.  Pontecorvo, 

G .  I. Smirnov, D. M. Khazins, and Yu. M. Chirkin,  

Sov. 3 .  Nucl. Phys. 13, 447 (1971). 

3 .  T .  J.  Droege, Princeton-Pennsylvania Accelerator  Report 

No. PPAD-605E, 1966 (unpublished).  

4.  R. A. Carrigan, F. A. Nezrick, Phys. Rev. D3, - 56 (1971). 

5. P .  H. Eberhard, R. R.  Ross, L .  W. Alvarez, R. D .  Watt, 

Phys. Rev. E, 3260 (1971). 



Figure Captions 

1. Experimental Arrangement. (Sl-S4 a r e  s c i n t i l l a t i o n  

counters of dimensions 6" x 11 112" x 1/2".) 

2. Pulse he ight  spec t r a ,  summed over t h e  s i x  phototubes 

viewing t h e  Cherenkov counter .  (The t r i g g e r  requirement 

f o r  each was t h e  four-fold coincidence defined i n  t h e  

t e x t ,  with t h e  T cut  appl ied.)  

3. Rela t ive  timing between the  two c l u s t e r s  of phototubes 

viewing t h e  Cherenkov counter .  

4. Time d i s t r i b u t i o n  of events  f o r  t h e  cosmic ray background 

run. (The t r i g g e r  requirement f o r  each was t h e  four-fold 

coincidence defined i n  t h e  test ,  with t h e  T cu t  appl ied . )  

5. Time d i s t r i b u t i o n  of events  f o r  t h e  300 GeV and 400 Gev 

runs.  (The t r i g g e r  requirement f o r  each was t h e  four-fold 

coincidence defined i n  t h e  t e x t ,  with t h e  T cut  app l i ed . )  

6. Rela t ive  de tec t ion  e f f i c i e n c y  a s  a funct ion  of mean l i f e  

f o r  the  300 GeV and 400 GeV runs.  





L o c a t i o n  

TABLE I1 

B a c k g r o u n d  R a t e s  ( C o u n t s / h r  . ) 

Date T i m e  I n t .  4  F o l d  6  F o l d  6  F o l d  
T C u t  T  C u t  S , T , P  C u t  

U n i v .  of P e n n  3 /26 /73  8 4  h r s .  2 .04 - + .16  . 3 2  + .06  - 

4/9/73  1 5 7  h r s .  1 . 9 0  + - .11 - 2 2  + .04 -006  + .006 - 
(1 e v e n t )  

NAL 4/29/73 21 .3  h r s .  2 . 5 8  + - . 3 5  . 6 1  + - . 1 7  0 

A l l  T h r e e  262 .3  h r s .  1 . 9 7  - + .09  .27 + . 0 3  .004 + .004 - 
(1 e v e n t )  



4 Fold 

T  C u t  

6 Fold 

T  C u t  

TABLE I11 OBSERVED RATES WITH 

VARIOUS APPLIED CUTS 

300 GeV 300 GeV 400 GeV 
( N o  Sc in t . !  ( w i t h  S c i n t . )  ( w i t h  S c i n t  .) 

69/25.6 hrs .  33/12.75 hrs .  79/34.5 h r s .  

11/25.6 h r s .  4/12.75 h r s .  13/34.5 h r s .  

------- 0/12.75 h r s .  0/34.5 h r s .  
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