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The pi on i s t he medi at or  of  t he nucl ear  st r ong f or ce t hat  was f i r s t
post ul at ed by Yukawa i n 1934.   A pi oni c  at om i s a bound st at e wher e t he
pi  mi nus meson occupi es an or bi t al  about  a nucl eus much l i ke t hat  of  an
el ect r on.   Thi s syst em has been ext ensi vel y  st udi ed by t he s t opped pi on
met hod.   I n t he st opped pi on met hod,  t he r adi at i ve decay f r om pi oni c
l evel  t o l evel  i s obser ved f or  pi ons t hat  ar e sl owed and capt ur ed about
a t ar get  nuc l eus.   However ,  t hi s  met hod cannot  be used f or  deepl y bound
pi oni c  s t at es,  because decay by nucl ear  absor pt i on becomes much mor e
pr eval ent  t han X- r ay emi ss i on f or  l ower  st at es whi ch s i gni f i cant l y
over l ap wi t h t he nucl eus.   I n 1988,  Toki  and Yamazaki  suggest ed a new
met hod t o popul at e pi oni c at om or bi t al s [ 1] .   Sever al  exper i ment s have
been per f or med at t empt i ng t hi s  met hod[ 2] ,  l eadi ng t o t he successf ul
l ocat i on of  deepl y  bound pi oni c st at es i n 208Pb( d, 3He) [ 3]  and mor e
r ecent l y  206Pb( d, 3He) [ 4]  at  GSI .

We ar e expl or i ng t he 206Pb( d, 3He)  r eact i on at  NSCL t o ver i f y  t he GSI
exper i ment .   By pr obi ng t hi s  syst em we can i nvest i gat e t he nat ur e of  t he
st r ong pi on- nucl eus i nt er act i on and possi bl y  of  t he neut r on densi t y
out s i de t he nucl ear  sur f ace.   I  r epor t  her e on t he basi c  pr i nc i pl es and
exper i ment al  condi t i ons r equi r ed f or  t hi s exper i ment  and summar i ze t he
anal ys i s  I  per f or med on our  dat a.

Backgr ound

Pi ons ar e mesons t hat  come i n t hr ee char ge st at es,  πo,  wi t h no
char ge,  π+,  wi t h +e char ge,  and π- ,  wi t h - e char ge.   Much l i ke t he
s i mi l ar l y char ged el ect r on,  t he π-  can f or m a bound st at e wi t h a
nucl eus.   Such syst ems ar e t er med pi oni c  at oms.   These st at es may be
t hought  of  as at omi c or bi t al s wi t h pi ons i nst ead of  el ect r ons,  wi t h
modi f i cat i ons due t o t he pi on’ s l ar ger  mass,  140 MeV,  and st r ong
i nt er act i on wi t h t he nucl eus.

Si nce t he 1950’ s ,  pi oni c  at oms have been cr eat ed and st udi ed by t he
st opped pi on met hod.   Pi ons ar e pr oduced by an accel er at or ,  sl owed down
by a degr ader ,  and st opped i n a t ar get .   The pi on r epl aces one of  t he
out er  el ect r ons of  t he t ar get  and i s  capt ur ed by t he Coul omb pot ent i al
of  t he t ar get  nucl eus.   The r esul t i ng pi oni c  at om i s  hi ghl y exci t ed and
deexci t es by emi t t i ng X- r ays or  Auger  el ect r ons.   By obser vi ng t hese X-
r ays,  t he l evel  spaci ngs and wi dt hs have been pr ec i sel y det er mi ned f or
many pi oni c at om st at es.   However ,  t her e i s a l i mi t  t o what  st at es can
be obser ved by t he s t opped pi on met hod.   As t he pi on or bi t al  r adi us
decr eases t he over l ap of  t he or bi t al  wi t h t he nucl eus becomes non-
negl i gi bl e.   When t hi s  happens,  decay by nucl ear  absor pt i on becomes mor e
pr eval ent  t han X- r ay emi ss i on.   Thi s  si t uat i on i s depi ct ed i n Fi gur e 1.
As can be seen no ’ deepl y bound, ’  1s and 2p,  pi oni c  st at es have been
obser ved f or  massi ve,  A > 100,  nuc l ei .

I n 1985,  i t  was f i r s t  poi nt ed out  t hat  f r om t heor et i cal
consi der at i ons t hese deepl y bound st at es do ex i s t . [ 5]   A new met hod



usi ng nucl ear  r eact i ons such as ( n, p) π- ,  ( d, 2He) π- ,  ( n, d) π- ,  ( p, 2He) π- ,
or  ( d, 3He) π-  was pr oposed.   I n each of  t hese r eact i ons a neut r on becomes
a pr ot on and a pi on.   The r eact i ons ( n, p) π- ,  ( d, 2He) π- ,  ( n, d) π- ,  and
( p, 2He) π-  wer e unabl e t o pr ov i de cl ear  ev i dence of  pi oni c  at om f or mat i on,
due t o l ow cr oss sect i ons or  poor  r esol ut i on. [ 6]   The r eact i on
208Pb( d, 3He) π- x 207Pb was per f or med at  GSI  i n 1996. [ 3]   I n t hi s r eact i on,  a
beam of  deut er ons hi t s  a s t at i onar y 208Pb t ar get .   A neut r on f r om t he
208Pb becomes a pi on and pr ot on as a r esul t  of  t he col l i si on.   The pr ot on
i s  car r i ed of f  by t he deut er i um,  maki ng i t  3He,  and t he pi on i s t r apped
i n a deepl y bound or bi t al  about  t he 207Pb.   Thi s  i s depi ct ed i n Fi gur e 2.

To det er mi ne t he bi ndi ng ener gy and wi dt h of  t he pi oni c  st at e l ef t
behi nd,  t he moment um of  t he i ncomi ng deut er i um and out goi ng 3He ar e
accur at el y  measur ed.   Then t he equat i on of  conser vat i on of  ener gy i s

Wher e E2H i s  t he k i net i c  ener gy of  t he 2H,  M ar e t he masses,  E3He i s  t he
k i net i c ener gy of  t he 3He,  Eexc i s  t he exc i t at i on ener gy l ef t  i n t he Pb,
and EBi ndi ng i s  t he bi ndi ng ener gy of  t he pi oni c  s t at e.   Al l  val ues ar e
known except  t he t wo k i net i c  ener gi es and t he bi ndi ng ener gy of  t he
pi oni c  s t at e.

Fi gur e 3 shows t he r esul t s  of  t he 1996 GSI  exper i ment  wi t h 208Pb. [ 7]
They have i dent i f i ed t he 1s and 2p pi oni c  at oms l evel s  about  207Pb.
However ,  t he 1s and 2p st at es ar e not  cl ear l y segr egat ed because t he 2p
pi on st at e t hat  l eaves t he 207Pb i n i t s gr ound st at e [ ( 2p) π- ( 3p1/ 2) n]
f or ms a shoul der  bet ween t he 1s and 2p l evel s.   Thi s  makes t he
det er mi nat i on of  t he l evel  wi dt hs di f f i cul t .   Because of  t he shoul der
t he r eact i on 206Pb( d, 3He) p- x 205Pb i s  i nt er est i ng.   205Pb does not  have a
3p1/ 2 neut r on.   Thi s  r eact i on shoul d c l ear l y  separ at e t he 1s and 2p
st at es.   I n 1998,  t he 206Pb r eact i on was r un at  GSI .   Pr el i mi nar y
r esul t s,  as shown i n Fi gur e 3,  show t he 1s and 2p st at es separ at e and
di st i nct . [ 4]

Exper i ment al  Condi t i ons Requi r ed

I  her e out l i ne t he el ement s r equi r ed t o f i nd t he pi oni c  at om by
206Pb( d, 3He) π- x 205Pb,  so t he pr ocedur e used wi l l  be sel f  appar ent .

I n or der  t o accur at el y  measur e t he moment um of  t he r esul t i ng 3He
f r agment  a cal i br at ed,  hi gh di sper si on magnet i c spect r ogr aph i s
r equi r ed.   The S800 doubl e bend spect r ogr aph at  NCSL,  depi ct ed i n Fi gur e
4,  sat i s f i es t hi s r equi r ement .   A magnet i c  spect r ogr aph uses t he
r el at i onshi p f or  a char ged par t i cl e movi ng a magnet i c f i el d.

Wher e B i s  t he magnet i c f i el d,  p t he moment um,  ρ t he r adi us,  and q
t he par t i c l e char ge.   Thus f or  a par t i cul ar  magnet i c  f i el d and char ge
par t i c l es wi t h di f f er ent  moment um wi l l  be di sper sed t o di f f er ent  r adi i .
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At  t he f ocal  pl ane sever al  det ect or s ar e pl aced.   Fi r s t ,  t wo set s
of  dr i f t  chamber s measur e t he x and y posi t i on and angl e of  t he
f r agment .   I t  i s  necessar y t o measur e t o angl e at  whi ch t he 3He st r i kes
t he f ocal  pl ane i n or der  t o r emove t he angul ar  dependence of  t he
r eact i on.   Thi s dependence comes f r om a si mpl e consi der at i on t hat  t he
l ar ger  t he out goi ng 3He angl e i s  of f  f r om t he i ncomi ng 2H t he l ar ger  t he
moment um i mpar t ed t o t he Pb.

Then an i on chamber  and sever al  sc i nt i l l at or s pr ov i de a measur e of
t he par t i c l e ener gy and t i me of  f l i ght  f or  par t i cl e i dent i f i cat i on.
Di f f er ent  ki nds of  par t i cl es wi l l  l ose t hei r  ener gy i n t he i on chamber
and sc i nt i l l at or s i n di f f er ent  ways al l owi ng us t o di f f er ent i at e bet ween
t hem.   By sel ect i ng onl y  t he 3He,  we can gr eat l y  r educe t he backgr ound.

I n addi t i on t o a 206Pb t ar get ,  sever al  mor e t ar get s ar e r equi r ed.
An Al  t ar get  was r un.   The Al  t ar get  shoul d not  show any peaks f r om
pi oni c  s t at es,  so i t  i s r un t o ver i f y  t hat  any peaks we see ar e not
ar t i f act s of  our  det ect or s or  dat a anal ysi s.   Anot her  ki nd of  r un t hat
was used t o det er mi ne i f  any appar ent  peaks wer e i ncor r ect  was a
degr ader  r un.   A degr ader  i s  a l ar ge bl ock of  met al  t hat  i s pl aced
i nst ead of  t he t ar get  t o s l ow down t he beam enough t hat  i t  can pass
t hr ough t he spect r ogr aph.   The pr ocess of  sl owi ng i s  a r andom pr ocess of
bounci ng t hr ough t he met al ,  so t he moment um of  t he beam when i t  emer ges
f r om t he degr ader  i s  a smoot h f ucnt i on.   Any peaks whi ch appear  above
t he smoot h cur ve of  a degr ader  r un can be at t r i but ed t o f aul t s  of  t he
det ect or s or  our  anal ysi s of  t he dat a.

Al so t he met al  hol der  t hat  t he 206Pb sampl e was pl aced i n,  a bl ank,
was r un.   I f  t he beam st r uck t he s i des of  t he hol der ,  3He mi ght  be
pr oduced.   By measur i ng t hi s  3He pr oduct i on separ at el y  f r om t he 206Pb,  we
can r educe t he backgr ound i n our  dat a by subt r act i ng out  t he 3He f r om t he
bl ank r un.

Sever al  r uns wi t h known r eact i ons wer e r un f or  cal i br at i on
pur poses.   Once peaks f r om pi oni c st at es ar e obser ved,  an accur at e
measur ement  of  t he beam ener gy and di sper s i on of  t he magnet i c
spect r ogr aph ar e needed t o pr eci sel y  det er mi ne t he bi ndi ng ener gy and
wi dt h.

And f i nal l y,  a beam of  2H wi t h ener gy of  300MeV/ u i s  needed,
i deal l y.   Unf or t unat el y,  t he NSCL cyc l ot r on can onl y  pr oduce a beam of  2H
wi t h ener gy up t o 200 MeV/ u.   200 MeV/ u i s  bel ow t he t hr eshol d of  t he
r eact i on n( d, 3He) π-  i f  t he neut r on i s  at  r est .   However ,  a neut r on i n t he
3p or bi t al s of  t he Pb nucl eus has a di st r i but i on of  moment a whi ch pl aces
i t  above t he t hr eshol d about  45% of  t he t i me. [ 8]   Thi s  s i t uat i on r educes
t he cr oss sect i on,  but  makes i t  poss i bl e t o per f or m t hi s  exper i ment  at
NSCL.

Dat a Anal ysi s

The dat a t aken dur i ng t he exper i ment al  r un r equi r es sever al
cor r ect i ons and anal ys i s  bef or e t he pi oni c  at om can be f ound i n i t .
Fi r s t ,  t he dat a f r om t he dr i f t  chamber s needs t o be conver t ed i nt o a x
and y posi t i on.   Dr i f t  chamber s oper at e by havi ng a gas whi ch when
i oni zed by char ged par t i cl es dr i f t s down and spr eads out  t o sever al  pads



wher e i t  i s ampl i f i ed and det ect ed.   Each dr i f t  chamber  consi s t ed of  224
pads.   I n one event ,  sever al  pads woul d be hi t  by a gaussi an
di st r i but i on of  si gnal .   The cent r oi d of  t he gaussi an woul d be wher e t he
par t i c l e had t r avel ed.   Thi s  pr ovi des an x- axi s posi t i on of  each event .

The y posi t i on of  an event  i s deduced f r om dr i f t  t i me measur ement s.
The par t i c l e r aces t hr ough t he dr i f t  chamber  and al most  i nst ant l y
st r i kes t he sc i nt i l l at or s.   Thi s  t i me i s  r egi s t er ed.   Then t he t i me at
whi ch t he si gnal  comes f r om t he dr i f t  chamber  i s  r egi s t er ed.   The
di f f er ence bet ween t hese t i mes gi ves an i ndi cat i on of  t he y- ax i s
posi t i on of  an event  because t he dr i f t i ng i n t he dr i f t  chamber  i s at  a
const ant  vel oc i t y.   The conver si on f r om t hi s  t i me t o an act ual  y
di st ance must  be cal i br at ed.

Once we have a x  and y posi t i on f r om t he t wo dr i f t  chamber s,  a
cor r ect i on f or  t he opt i cs of  t he S800 i s  per f or med.   Usi ng accur at e
measur ement s of  t he S800’ s  magnet i c f i el ds,  t he f l i ght  pat hs of  t he
par t i c l es can be r econst r uct ed.   Doi ng t hi s conver t s  t he f i nal  measur ed
x,  y ,  θ,  and φ back t o t he i ni t i al  condi t i ons at  t he t ar get .

Next ,  t he angul ar  dependence of  t he r eact i on i s cor r ect ed.   A
numer i cal  si mul at i on of  t he r el at i vi s t i c  ki nemat i c  r el at i on f or  sever al
angl es of f  of  t he di r ect i on of  t he beam l i ne.   These poi nt s ar e a f i t t ed
t o a mul t i pl e or der  pol ynomi al  cur ve descr i bi ng t he amount  of  moment um
l ost  t o t he Pb as a f unct i on of  angl e.   Once t hi s cur ve i s  known i t  can
be subt r act ed f r om t he moment um dat a t aken.   Thus,  i f  we sum t he
moment um of  event s over  al l  angl es af t er  t he cor r ect i on we can obt ai n a
s i ngl e shar p peak f or  a par t i cul ar  r eact i on r at her  t han a br oad t he
di st r i but i on t hat  woul d be obt ai ned bef or e t he cor r ect i on.

These anal yses,  cal i br at i ons,  and cor r ect i ons wer e per f or med f or
our  pi on pr oduct i on r uns.   The r esul t  of  t hi s i s  shown i n Fi gur e 5.
Thi s  i s t he sum of  al l  of  our  pr oduct i on r uns wi t hout  t he bl ank
backgr ound subt r act ed.   Whi l e i t  i s a l i t t l e noi sy,  t her e appear  t o be
peaks cor r espondi ng t o a 1s and 2p st at e as wel l  as a f r ee pi on
pr oduct i on r egi on.   However ,  t hese appar ent  peaks ar e pr oved f al se by
l ooki ng at  a degr ader  r un.   Fi gur e 6 i s t he r esul t  of  a degr ader  r un
t hat  was per f or med j ust  pr ev i ous t o our  begi nni ng of  t he pr oduct i on
r uns.   The t wo set s of  peaks poi nt ed out  ar e at  t he same r egi ons of  pads
on t he det ect or  as t hose of  t he appar ent  1s and 2p st at es.   So i n al l
l i kel i hood t he same pr obl em t hat  i s causi ng t he er r oneous peaks on t he
degr ader  i s causi ng or  addi ng t o t he peaks on t he pr oduct i on r un.

The sour ce of  t hese peaks on t he degr ader  spect r um has been
i nvest i gat ed.   I t  seems t o be a pr obl em wi t h t he gai n of  sever al  of  t he
pads of  t he f i r s t  dr i f t  chamber .   However ,  as of  t he compl et i on of  my
t i me her e t hi s  pr obl em has not  been r esol ved.

Once t hi s pr obl em i s  cor r ect ed,  t he t r ue nat ur e of  t he peaks on t he
pi on pr oduct i on spect r um can be det er mi ned.   Then sever al  ot her  t hi ngs
need t o be done.   Por t i ons of  t hese pr ocesses we compl et ed bef or e t he
sear ch f or  a cause and cor r ect i on of  t he pr obl em super ceded ot her  wor k.
The cal i br at i on of  t he di sper s i on of  t he spect r ogr aph,  an accur at e
det er mi nat i on of  t he beam ener gy,  a subt r act i on of  nor mal i zed bl ank
r uns,  t he Al  r eact i on,  t he ass i gment  of  obser ved peaks t o pi oni c  s t at es,
and a det er mi nat i on of  t he s t at e wi dt hs can st i l l  t o be done.



I n concl us i on,  deepl y bound pi oni c  s t at es have not  yet  been f ound
i n t he dat a t aken dur i ng June ’ 99 at  t he NSCL.  However ,  t hese st at es
mi ght  be f ound once what  appear s t o be a det ect or  pr obl em i s  cor r ect ed,
and we ar e f ul l y  conf i dent  i n t he sour ce of  any peaks.
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Fi gur e 1:   St at es obser ved by St opped Pi on Met hod.

Fi gur e 2:   New met hod of  popul at i ng Pi oni c  St at es.



Fi gur e 3:   Resul t s  of  GSI  ‘ 98 and ’ 96 exper i ment s.   1998 i s above.



Fi gur e 4:   S800 Magnet i c  Spect r omet er .



Fi gur e 5:   Pi on Pr oduct i on Resul t s .   On a scal e of  ener gy( Bi ndi ng
Ener gy) .



Fi gur e 6:   Degr ader  Run.   Lef t  peak cor r esponds t o 2p.   Ri ght  peak
cor r esponds t o 1s.


