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I. Introduction 

During the past year an experiment carried out at BhL (see Appendix A) 

has succeeded in detecting a number of examples of TI-~ atoms. These hydrogen­

like atoms are formed with a branching ratio of the order of 10-7 in the 

decay of the ~ into TI, ~ and v. We propose herewith a continuation of the 

aforementioned experiment at Fermilab with the following aims in mind. 

a) By making use of much higher energy ~'s it is possible to construct 

an experiment at Fermilab in which the branching ratio can be measured with 

much greater accuracy than is possible at BNL. This branching ratio is cal­

culable to of the order of a few percent and has been evaluated by a number 

of theorists ~ 1) The calculated value is: 

~ ~ (n~) + v -7 
R = """';K~---- = (4.24± .24) x 10

L ~ n~\) 

The error in these calculations depends largely on the value of f+/f_ 

and is based on the measurement of that ratio by a Stanford-Santa Cruz 

Collaboration. (2) At present, the branching ratio obtained in the BNL 

experiment is about a factor of 5 lower than the prediction. If R does indeed 

differ significantly from the theoretically expected value then it may indi­

cate an anomaly of sorts in the interaction between pion and muon. 

b) It may be possible to determine the Lamb Shift by an experiment 

in which the 2S state is Stark quenched by passing the atoms through a region 

of magnetic field. At the high velocities obtainable at Fermilab these 

atoms can be made to experience electric fields in the billions of volts 

per centimeter. 

c) As a byproduct of this experiment, we expect to examine in great 

detail that portion of the ~ ~ TI~\) Dalitz plot which corresponds to 

o"almost bound" atoms. By this we mean KL decays in which the relative momen­

tum of pion and muon is of the order of 10 Mev/c or less. 
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II. Properties of ~-p Atoms 

The 	reduced mass of the ~-u atom is 60.2 MeV. Thus its Bohr radius 

11is 4.5 x 10- cm and its binding energy is -1. 6 HeV. The lOwest state is 

of course the lS~ state. The energy levels of the states which are of 

interest in this experiment are as follows. 

continuum • 
...... -	 ... 

/ 	 " , 2P~I \ 2P l-0.4 I I ~ 
2S~ , I 

\ I 	 .005 eV<________.... <'" 
/ 

2P1.07ft eV '2 

2S~ 

IS -1. 6 
~ 

Inasmuch as the initial production of atoms is proportional to i~(O) 12, the 

initial population should be roughly 8/9 in the lS~ state and 1/9 in the 

2S~ state. The initial production in higher state is negligible. 

III. Method for Producing ~-p Atoms 

The 	atoms will be produced by first generating a well collimated high 

o energy KL beam in vacuum and then examining the neutral decay products of 

that beam after a distance of about 1000 feet of decay path. The proposed 

beam is the M-3 beam out of the meson lab. It appears straightforward to 

take a neutral beam at about 1 milliradian relative to the proton beam and 

allow it to travel for a distance of the order of 1800 feet to the experi­

mental apparatus. The beam will be collimated to produce a spot which is 

6" high and 18" wide at the detector. It appears reasonable to expect a 

flux of 107 KL0 per pulse in the momentum band from 50 GeV/c to 150 GeV/c. 

The vacuum system will be constructed so as to be a tube which tapers out 

to one 	meter in diameter ,at the detector region. 
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Because of the large flux of particles in the beam we expect that the 

detector will only be able to detect those atoms which are at least six inches 

outside of the beam spot at the detector. The proposed geometry for detection 

of these atoms will be described in Part V. 

IV. Breakup of Atoms in Foil 

Detection of the atoms proceeds by first breaking them up in a thin foil 

and then magnetically examining the separated pion and muon. We have calculated 

the amount of foil needed to break up an atom as about 30 milligrams/cm2 and 

the recent experiment at BNL indicated that .030 of Al broke up all incident 

atoms. After the atom is broken up, the pion and muon emerge from the foil 

with a relative momentum of the order of 1 MeV/c. Hence the signature of 

one of these atoms is the appearance after a foil of a pion and muon which 

are nearly spatially coincident and have momenta in the ratio of their rest 

masses. 

V. Overall Setup 

In Figure 1 we show a detailed sketch of the experimental apparatus. 

The beam is carried out to the detection apparatus in a long, cylindrical 

vacuum pipe which broadens out to a diameter of one meter as it reaches the 

detectors. The beam first passes through a sweeping magnet having a 1m. x 1m. 

aperture and a BL of 10 KG - meters. The magnetic field in this magnet is 

horizontal and its purpose is to vertically separate those n-~ pairs which 

originate in ~ decays but are not bound. A foil is then introduced into 

the vacuum tank after this magnet and serves to dissociate any atoms which 

hit it. These dissociated atoms then enter the second magnet. identical 

to the first but with vertical field and the pion and muon are separated 

horizontally. At the point where the pion and muon are separated by at least 

two centimeters for a 100 GeV atom the upper portion of the vacuum is term­

inated by a thin window. Immediately thereafter we interpose two proportional 
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planes each of which measure the x and y coordinate of both the pion and muon. 

The two particles are then passed through the third magnet which gives them 

each a further horizontal kick. Again their directions are measured by means 

of a set of proportional planes. Finally the particles pass through a set 

of trigger counters (including a lead sheet for showering electrons), a steel 

muon filter and another set of muon counters. 

VI. The Trigger 

The trigger system consists of three picket fence arrays of scintillation 

counters with a 1" thick sheet of lead against the second of these arrays. We 

require that there be two A counters struck, two B counters struck and at 

least one C counter struck. Each of the A and B counters will be 2" wide and 

we will insist that a gap of at least one counter exist between the two 

tracks at those planes. We will then read all of the data into a buffer 

memory associated with a simple fast-processing microcomputer system. 

In the microcomputer system, sixteen of which will be on line to the 

data acquisition module we will determine the separation between the two 

tracks (if there are indeed two) in the first MWPC's and abort the event if 

this separation does not lie between 2 and 8 cm. horizontally and less than 

1 em vertically. For those events which remain, we will compute tracks 

both before and after the second magnet and determine the momenta of the 

pion and muon. Further cuts will be done off-line when the data is analyzed 

in detail. 

VII. Flux Calibration 

aCalibration and monitoring of the KL flux can be accomplished by detec­

tion of non-bound ~-~ pairs with large relative momentum (~100 MeV/c). These 

pairs constitute a major component of the Kt decay products and will be 

detec~able through precisely the same trigger as we use for atoms. As near 
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as we can tell, there appears to be no problems inherent in the flux 

measurement. 	 As a byproduct we can very easily explore the Dalitz plot 

for low relative mon:entum corresponding to "almost-bound" pairs. 

VIII. 	 Rate Estimate and Running TiIre Request 

6At 3 x 10 Vpulse (see Appendix B), 10 second repetition rate, 

1000 feet decay path, and 10% gearetrica1 acceptance, we would detect 

~!r. -l- (Trl..l) at~ event ~ hour at the predicted branching ratio. 

The acceptance is based on Monte Carlo calculations with the spec­

trc:neter shown in the figure, using rreasured[ ] l). spectra. For purposes 

of con:puting the fraction of ~'s decaying in the 1000 t pipe a m:JJ."reI1turn 

of 150 GeV/c has been used. 

On this basis, we request 500 hours of running tirre to neasure the 

Branching Ratio R, including time for trigger studies and calibration 

running. 

IX. ~t	Request 

We request that the Laboratory provide tw:J of the three large 

aperture magnets, the m:xlifications to M3 (including the opening up 

of the aperture and the decay pipe to and through the magnets), a 

data acquisition camputer, and fast electronics. The experimenters 

will provide the third magnet, the detector hardware and its interfacing 

to the camputer. 
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We report herewith the detection of hydrogen­
like atoms consisting of a negative (ur positive) 
pion and a positive (or negative) muon in a Cou­
lomb bound state. These pion-muon atoms are 
formed when the 11 and 11 from the decay }(r.0

- 'ifill! 

have sufficiently small relative momentum to 
bind. We have observed these atoms, produced 
at relativistic velocities, in the course of an ex­
perimental program at the Brookhaven National 
Laboratory alternating-gradient synchrotron. 

The basic properties of these atoms are calcu­
lable by the formalism used to des(:ribe the hy­
drogen atom. The reduced mass of the system is 
60.2 MeV/c 2, its Bohr radius is 4.5 >: 10 " elll, 

and the hinding eneTf,:y of the 1.... ,/2 state is 1.6 
keY. To ollr knowleclf;C', the first (:aleul.ltinn of 

the branching ratio H I Ki."- (nil) I- lJ/I(}\r." 
- all) was carried out by Nemenov, whu found 
that N-10 7, with the precise valu!' dejJ(>lIdin~~ 
upon til<' f01'111 fadon; of h,," decay, Wp will pre­
sent ollr results 011 11 ill a suhseclucnl pap<.~r; only 
the ('vidclw(' J'e1alt~d to tlH' dt'l(,!,! iOI\ (If 1IH':-;(~ at­

oms is discuHsed herein. 

The prime motivations for the experiment are 
twofold. Firstly, the value If is proportional to 
the square of the 1f-I' wave function at very small 
distances and so an anomaly in its value may be 
indicative of an anomaly in the 11-11 interaction. 
Secondly, by passage of the atoms through a mag­
netic field at high velocity (y -10) the 25 states 
should be depopulated through Stark mixing with 
the 211 states and consequent decay to the IS 

states. The extent of this depopulation will be 
highly dependent upon the vacuum polarization 
shift (Lamb shift) of the 25 states relative to the 
2P states and may. if measured wilh some ac 
curacy. lead to a determination of the pion charge 

radIUS. 
The K t." particles which give rise to our "atom­

IC beam" are produced by a 30-GeV prolon beam 
striking a 10-em heryllium target (see Fig, 1). 
A large vacuum tank and a connecting evacuated 
1l(':Im chanllPi jpad out to the detection equipment. 
A 'l-ft sled collimator prevents any direct line 
of sil;hl frOl1l the ctdl'('lol' systPl1\ 10 lhe target. 
This is to prevent lJack~roul1d particles, in par­
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FIG. 1. Experimental arrangement at the alternating-­
gradient synchrotron. 

ticular KLo,s, from approaching the neighborhood 
of our detectors. 

Those KL o's which decay within the shaded area 
in the vacuum tank give rise to decay produels 
which may, if properly oriented in their direction 
of motion, travel down the channel. In order to 
remove charged particles, we have interposed 
two magnets along this channel. The first of 
these, labeled the "sweeping magnet," bends hor­
izontally and has an integrated field strength of 

,8 kG m. The second magnet (originally intendpd 
to induce trans itions between the 2.'1 and IS states 
of these atoms) is called the "transition magnet" 
and bends vertically with an integrated fipld 
strength of 36 kG m. Those charged particles 
which survive have very high momenta or are 
given a significant deflection before entering the 
detector region. 

We have then a beam consisting largely of " 
rays (resulting from 11o,S which are in turn the 
products of kaon decays), highly energetic pions 
and muons, and occaSional atoms. The momen­
tum spectrum of the atoms coming down the chan­
nel has no appreciable contribution above about 5 
GeV Ie. 

To dissociate the atoms and make their detec­
tion pOSSible, we interpose a thin aluminum foil 
just before the end of the vacuum channel (see 
Fig. 2). Ionization of an atom takes place through 
a series of sequential transitions through the 
states having highest angular momentum for any 
given prinCipal quantum number. We have calcu 
lated the thickness of foil required to break up a 

- IS atom to be 0.010 in. of aluminum. In the 
course of the experimellt data was taken with foil 
thicknesses of 0.030 and 0.250 in. of aluminum. 

The pion and the muon, now Ull('fJUplpd, eKit 
from the foil at the Bame velocity (with momenta 
in the ratio of their rest masses) and in almost 
perfect spatial coincidence. The opening angle 
bet ween them at a typical atomic momentum of 3 
GeVIe, neglecting the multiple scatter-lilt; in the 
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FIG. 2. Detection nppnrat1!s. 

foil, should be less than 0.5 mrad. The projected 
multiple scattering of each particle ill a 0.030-in. 
aluminum foil is about (1.3 GeVlc)/p mrad. Thus 
the angle between pion and muon upon emerging 
from a O,030-ill. foil should he about 2 mrad, The 
angle between them in the case of a O,250-in. alu­
minum foil is about 5 mrad. 

Wp IlPxt i nt roduce these two ('oi 11(' idpnt p:ll'ticles 
into a horizontal field which serves to separate 
them vertically. We terminate the vacuum chan­
nel with a thin Mylar window where the separa­
tion betwe.:n the pion and muon is about a centi ­
meter for a typical atom. Just beyond the window 
we place a multiwire proportional ch.1.mber made 
of two planes (planes 1 and 2) to allow the recon­
struetion of the vertical (d and horizontal (\1) co­
ordinate of eaeh of the particles. Each of these 
planes is constructed of a set of wires inclined at 
60" to the vertical. At the point where the pion 
and the muon traverse these planes they are di­
rectly above one another and separated by a ver­
tical distance 1.\ which is closely correlated to the 
sum of theil' momenta. 

Afler leaving the analyzing magnet, lhe pion 
and the muon continue through a series of three 
further pairs of proportional chambers, each 
constructecl of wires at ± 600 to the vertical. In 
each of these planes the x and y coordinates of 
('<teh t rack can he localized to about ± 1 mm. Fol­
lowinr; the last of these chambers, we have, ill 
sequence, a bank of 11 counters (8 bank), a sheet 
of l-in. -thick lead to induce showering of elec­
trans, a bank of 15 counters (A bank), a lead and 
steel wall embodying 1. 9 mean free palhs of ab­
sorbel', another bank of 19 counters (B bank), a 
wall comprising 1.3 free paths of absorber, and 
a final bank of 23 counters (C bank). The absorb­
er removes muons below a momentum of 0.9 
GeV Ie and about 90% of the pions, The first crude 

250 



indication thai anl')\'(!111 of 1I1\1'1'I'1:i1 11;ls pass,'d 

through lhe detedor ('on1l's whon wo oblaill a Irq~' 
gel' indicating 1:;1IIlUIt.:tlllCUIiS ('Otllll:, in IWI) ..... ,'''lill 

tel's, two nonadja('(ml :1 ('ol1llters, OIl<! 01' I1W\'(' It 

counters, and olle or mOl'!! C counters. We next 

examine planes 1 and 2 to delt.'I·llIil\(~ rapidly 

whether two tracks pasl:H:d dired ly aIJ()vl' olle an­
other within the expt'rillwntal resolut iOIl and with' 
Do lying betwl'en 0.8 and :L CJ ('Ill. W(' II1('H l't'lllOVl', 

through the use of mil' on line COIll))lltf'r, all 
events in whk~ morr,! thall fOlll' traeks passed 

through the firsl pia'll'. The rpsidlla I ('v('nls art' 
lo!;!;ed for furtlwr fltudy. 'I'll(' i nfol'll1:tlion ]'('cord­

ed includes the timing of all counters, lhe pulse 
height on each of the A counters, alld the posi­

tions of the tracks at; Ihey pass throu~~h the ei~hl 
planes. 

We carry forth the' analvsiH or tile dala by suh­
jecting each eV(!llt 10 a seqlwllCe of Il'sls. each of 

which must be pass€'d before it can 1)(' cOllsidel'pd 
a valid candidate for a 11 /) atom. TIl(: geol)lctri ­

cal characteristics of tlWSI:' tests hay(' Iwcn de­
termined thl"ollg-h a ritudy of the t" t'~ pall's whit-h 

are created by} rays 1l1lPllIgillb\' .J/l lilt' roil alld 

the muons which COIlW dnwn. the vacuum (~h<lnl\el 

when the sweeping and transition ll1a~nets are 
turned off. The lests are as follows: 

(1) All counters involvl'd in a h'iggPr must 1)(' 
time coincident witl'in ~ 2 llsel~ aftt'J' t:nlTcdiOIl 

for flight times of the varIOus part!l les. 
(2) The four counterl:i whkli.(kl i'}(-J tIw muon 

track must lie on a stnlight line wilhin tlw limits 
of Coulomh seatterill~ in the ahsoriJer. Only OIl(' 
track may penet raIn to the C banI:. 

(3) The Pllh:H' heirht 011 each of the A C(ll.llItel·s 
must be less thall 2.5 I inws that pl'o{\ucod by a 

minimum iOllizing parlirlt>. 
{4} Each of thl' traeks lIlust hav(! a 11lollltmlulll 

not less t.han 0.9 Gf V /( . 
(5) Aftnr the Iwo I rack.s arC' l'c('unSll'uded back 

through the' Illa~llnt, we call del ('nil i IH! ! he x ami 

'>' proj eetions of t hei .. apparent sepa rat IOn and the 
apparent angle between them as t1wy Ipft the foiL 
The cuts are as follows: (a) Tlw vertical s<,para­
lion at til(> foil 11m,'; I IH~ less thall 0.45 in. (h) Thl' 
horizontal separation at til(' {,dl n:usl 1'1' less thall 
0.20 in. (e) Thv n1l'as\lI'(,(\ VI'I'li!'al ,nll'h' iJ('\W('('1I 

the two tJ'.u:ks as tlwy !<'<lV(, the Il)iI IlltlS! iJ(· k.':s 
than 0.025 rad. (\) Ttli' fllC':IHII'HI !JIJI'j .'Ililta I ,1I1­

g\e betwI'1'1l till: Iwo tl·;tcks a:. tlll'V 1('.1"" fh,' f!lil 
mllst II<! I('ss UI:llI 0.00·1 I·,HL 

(6) Our titudy "I til<' (" ,. p<l II.'> IIld), ;11,,1' Ilt;11 

the vertical spa"IIl::, ,:'., Ilelwv,'n'i\ .. 11\'1) II'ad,', 
ill planes 1 an<l 2 IS pl','d [('I all I" I" ;1 wi rt' spac ill V; 

:.." ~:I: 
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FIG. 3, A plot of Uw pal'a meter (¥ indicating the de­
teetioll "I' "-I' atolllil. 

~iven the /1l0mlmta of the two particles. We re­

j('d all candidates which do !lot conform to this 
(,!)HHll'aill( within 12 wire spacing!>. 

(7) By studvill~ the e+-e" pairs we have ascer-, 
taillt'd thaI w(' can project our tracks back to the 

vidnity of tile collimator with a horizontal spatlai . 
l'(~solulion of 1. 1.0 in. We insist then that all of 

our Iracks of iuterest point back to a 9-in.-wide 
fid\ldal repon near the. collimator, missing both 

111(' ('n/lima.lor itseU and tll(' walls of the vacuum 
channel. 

(R) Finally, we insist that the sum of the pion 
and muon momenta be no more than 5 GeV/c. 

Uavi llf,': subjected all of the rC'corded data to 
Ih('l'H: (t'::;t.s, we:11' ri vo at a residue of 33 events. ' 
1"01' each of these evpnls we plot (in Fig. 3) the 

paranH't~'r o"'(1).-~,)/(p.+p~), where p. is the 
pion momentul1l and l'~ is the muon momentum. 
A study of this parameter through an examination 
or I • -e pairs indieates that the acceptance of 
(llll' ;IPP:II':tlus, modified by the alJnvH-\1Ientioned ' . 

tl'8tS, is flat wit hin 30'% frolll a == - 0.4 to U TO. 4•. 
NOllt> IIf our <)('ceplanc(' tests bi:H; us toward one 

nl' allother sign of n. Henct;', any bump in this 
piot wou ill i ndicale a ;jtrol1[~ cOITelation h(>tween' 
lHon and muon 11l01l1t'llta; ill particular, the atoms.' 
should he ehal'ul'lt'l'ized hy a value of Ct" (m. ,. 

I . ,. 
-711,,) (iii. ~"'Il) 0,14 The data show a clear peak:' 
at the predl{'tE"d point containing a total of 21 . 
l'VPllts with nil estimated back!;round of three 
('vPIII;.;, Tlw width of the peak is consistent with 

t lI:l! ('.'<ppl'\t'd rrom lIlCaSUrPlllent t.'ITors, 
\11.· "ollt'ludt' lhat Wl' have niJsf:rv(,d Coulomb 

\'dUllo! stall'S of pions and llIuons, 
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Appendix B 

'n1e Prop:>sed M::x:1ifications to the M3 Line 

Preliminary discussions with ~son Lab Staff have lIDCOvered no najor 

obstacles to prcxlucing a beam of the size and flux required. The pri ­

mary collinator gives a solid angle of ±. 42 x ± .17 rnrad which corresp:mds 

to an 18.1 x 7. 3 inch beam at 1800 feet. The present limiting apertures 

are collimating and sweeping stations further downstream. The rrodifica­

tians consist prinarily of removing these elements and of connecting 

vacuum pipes which are presently separated to provide a continuous 

vacuum decay path fran about 700 feet to the apparatus, to be located 

in the present M3 Wonder Building. The cost of this effort appears 

quite modest as no new building construction is required. 

The renaining limitation is the aligrurent of the 1411 pipe which 

brings the beam to the lJEson Detector Building. The fixed and at pre­

sent unknOWn aligIm'EIlt of this pipe relative to the center of the M3 

beam nay prevent full utilization of the above-rrentioned solid angle. 

'n1e rate estimates in the proposal have therefore been nade with a 

rather cartservative flux of 3 x 106 Ku!pulse. 

It should be pointed out that even at that level M3 would be the 

IIDst intense and highest-energy ~ source likely to be available for 

SCIre time and its p:>tential utility 1NOuld extend far beyond the scope 

of the present proposal. The beam, coupled with the non-forward pair 

spectrometer herein proposed 1NOUld nake accessible as yet untapped areas 

of KO physics. .An:ong the possibilities are: 

1. Finite-t regeneration of Ks'S at high energies. 

2. K-induced high-PT phencm:ma. 

3. The search for other ultra-rare ~ decays. 



Man:bers of the present collaboration are studying seriously the fea­

sibility of using the proposed setup to explore these areas. 
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