


To know cross sections for scattering of p u—; d u— and ¢ p—-atoms by nuclei, atoms
and molecules of hydrogen isotopes is necessary not only for checking the solutlon
algorithm for the problem of three bodies mteractmg by the Coulomb law but also
for correct general description of the muon catalyzed fusion kinetics in nuclear fusion
reactions. Besides, the knowledge of. these cross. sections is necessary.for correct
lnterpletatlon of experlments on measurement of the rate of nuclear capture of amuon
by a proton, deuteron or triton, which are carried out to determine weak interaction
constants. It is caused by the fact that by the moment of nuclear capture of a muon
the population of levels of hyperfine structure of the ground state of pu—, d u~ and
t p-atoms may change because of the above scattering processes (the rate of -nuclear
capture of muons considerably depends on the spin state of hydrogen rhu-atoms) [1],
[2]. The method of measurement of scattering cross sections for muonic atoms of
hydrogen isotopes is based on the relation between their diffusion range in hydrogen
(deuterium, tritium) and the scattermg cross.section. In the diffusion approximation
(many scatterings with small energy losses in each) thls relatlon has the form

R\/3n , y-l-—cos@

where L, R are the mean stralght —line” and “broken” pathlengths of hydrogen iso-
topes mu-atoms, 72 is the average number of colhs1ons of mu-atoms with target atoms
(molecules) during their lifetime, cos © is the mean cosine of the mu-atom scattering
angle in the laboratory frame of reference. :

For the first time the cross sections for processes

(Pu)1s +p = (Pw)1s + 2 - [
@prs +d = @ +p )
(dp)rs + p — .(du)l, +p NG

were measured at Dubna with a diffusion chamber [3], [4] and by the Bologna~CERN
group with an electronic technique [5]. With the diffusion chamber [3], [4] the cross
sections for processes (1)-(3) were determined by comparison of experimentally found
distributions in pathlengths of muonic atoms at different mixture densities, concen-
trations of deuterium and:-Z-impurities (carbon, oxygen) with the Monte-Carlo cal-
culated ones. The y *-analysis was used for the comparison. . ..

The Monte Carlo analysis of distributions in pathlengths involving the data ob-
tained on lifetimes of mu-atoms and the known theoretical expressions for scattering
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ctoss sections fof mu-atoms [6] [7] in differént spin states yielded the following cross
section values (Tables 1, 2)
o(pi+p) = (167 £ 30)- 10" em?; o (dp+d) = (415 £ 0.29)- 107" cni?

In the exper1ment [5] 1sotop1cally pure hydrogen (P =5. 4 atm, 26.2 atm; T'= 300I\)
and deuteriumat a’ pressure ‘of 12.1°atm were used. In31de a target flled w1th hydlogen

(deuterxum) there were 90 gold plates (IO,um thlck) with & gap of 1.5 mm between‘

therm: Cross séctions for scattermg of p,u(d,u) Zatoms in’ hydrogen (deuteuum) were
found by analysmg ylelds and time dlstrlbutlons of méso-X-ray 7 quanta from Auy—

atoms (EZP'I’ = 5.8 MeV) formed by muon transfer from p fi(d ji)-atoms (which’
arrived’ at” the plates) to Au’ niicléi. The ¥ quanta were registered by a NaI(Tl)‘

detector Variable parameters in ana]ySIS of time distributions of delaye(l v quanta
weré the scatterlng cross section’ and the’ 1n1t1aI energy of p,u(d,u) -atoms. .

Analys1s of the: experlmental data’ [5] y1elded the followmg values of the cross
sectrons (Tables I, 2) for processes ‘(1) and’ (2) '

a(py~+ p) = (7.6 £0.7)" 10“21
o (du+d) = (0:55 £ 0.20) - 10—‘9
E'° = (0.55 % 0:20) eV is the initial energy of p p-atoms.

Since the experimental’ and theoretlcal results obtalned before 1979 (see Tables 1,
2)'were cons1derab]y different, it was necessary to carry out more precise 1nvest1gat10ns

of these processes. In the early 1980s experlments on measurement of Cross sections’

for processes (1) and'(2) began at Dubna and’ CERN.

Figure 1 shows the experlmental set~up from [8]: The target was a cylindrical
vessel of stainless steel, 12.5 cm in diameter, about 70°cm long, with walls 2’ mm
- thick. An assembly of aluminium foils 30" um thick each was installed inside the
target. The assembly consisted either of 86 foils with a gap of 2.1 mm between them,
or of 142 foils with a gap of 1.3'mm. In the experiment the target was filled with very
pure hydrogen or deuterium. There were three exposures with hydrogen at 3 atm,
10’atm and 26 atm, and one exposure with deuterium at 14 atm.

Two (Xy, X2) NaI(Tl) detectors registered meso-X-rays of K-series from Ou( E

(Ko) = 133%eV)- and'Alu( E ( K ) = 347 keV)-atoms resulting both from dlff.us1onf
of produced p,u(dy) —atoms to foils followed by muon transfer to O and Al nuclei and

‘from muon stops in the material of the foils.

The experiment was carried out with a muon beam from the CERN synchrocy-
clotron. To determine the background correctly, an experiment with pure helium was
carried out at a pressure approximately equal to that of hydrogen.

Table 1: Experimental and theoretical. values of the cross section for scattering of
p p—atoms in hydrogen

Experiment
- Hydrogen o(pp + Ha) a(pu +p) |
Paper pressure . E
IR (atm) L (10_21 cm ) ‘ :
[Dubna [3] | a&4s | 167.£30 7|
(diff.chamber) 23.2(T=240K) | = Fym L
Bologna-CERN [5] 26.2; 5.4 E 7.6+£07 |
(electron method) (T =300K) |- I
Bologna—CERN [8] | 26.0 (T = 300K) [ 32.0+5.0 149+ 140
(electron method) B S
Dubna [9] | 41.0 (T = 300K) |  42.0£8.0 17.3+3.3°
{electron method) :
Theory
, p p-atom- olpp+ Hz) o(pp+p)
Paper proton collision
, energy (1072 cm?)
Zeldovich, ‘ -0.04 , , 12 -
| Gershtein [6] e o S
Cohen S. [7] - ‘ 82 -
Matveenko [10] —"— v 257,
Ponomarev [11] - -3
Melezhik [12] - 19
Adamczak [13] - - .. 100 (pp + H)
Adamczak [14] e 416.0 (0.05 eV) 41.2 (0.05 eV)
Cohen J. [15) . - 60
. L 1174 (ppu + H)
(0.05 eV)

* found from the ratio o(pp + H,) [ o(pp + p) = 2.42 [16].



Table 2: Experimental and theoretical Values of the cross section f01 scattermg of

d p~atoms in deuterium

Experiment
Deuterium o(dp+d) o(dp+ D)
Paper pressure
» (atm) (10"19 %)
Dubna [4] P(H, + Dy) =230 | & 15&029
“( diff.chamber) Cpz = (0.44 +6.1)%
SR T = 242K .
Dubna [7] P(H;+ D;) =70 | 15£09
1.(diff.chamber) Cpy =94%; T = 242K | ,
Bologna-CERN (5] 12.1 (isotopically 0.55 £+ 0.20
(electron method) . pure deuterium)
' o T = 300K ‘
Bologna-CERN [§] 14.0; T = 300K 0.8:+0.2
(electron method)
Bologna-CERN 0.68 £ 0.14*
Theory
‘Zeldovich,
| Gershtein [6] The d p-atom-proton 3.3
‘Cohen §. [7] collision energy 3.5
-Matveenko [10] is 0.04 eV 1.8 7
‘Ponomarev [11] . 1.9 L
Cohen J. [15] 1.87 1.38 (dp + D)
C S 0.05 ev
-Adamczak [14] 1.83 , 3.73
' 0.05 ev

* The value is obtained by averaging the results of [5], [8].
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Flg 1 Lay--out of 1(‘g1qtrat10u equnpment in the muon beam:

' - collimator; P -~ stopping filter; Ph — lead shlel(lmg of 4 detectors, T —

target; Al - aluminium foil; A,+Ag — plastic scintillators; X;, X, — Nal (TH
detectors.

At i"!’

To determine cross sections for processes (1) and (2), time dlstrlbutlom of v
quanta from Op~and Alg-atomns were analysed by lhe Monte (‘a.xlo niethod. on the
assumption that a) processes (1) and (2) are described by the comtaut value cross
section (transitions between levels of hyperfine stiructure of muomc .atoms and de-
pendence of the scattering cross section on the co”mou energy uexe Jgnored) b)
scattering is caused by point-like particles of mass (‘qual 1o that of ]1\ dlogen (deu-
terium) molecules, ¢) angnlar distribution of scattered muonic atoms is of anisotropic
character in the centre-of-mass system. As an example, Fig. 2 shows time distribu-
tions of 7 quanta of meso- X-ray K-Series of Al;l-— and Op-atoms from experiments
with hydrogen at 10 atm and with deéuteriunt at 14 atin. After processing of all data
the following values of cross Q(‘(tlons f01 processes (1) and (2 2) were obtained X

c(pp+p) = (149 £ 0.14) - 10-° cn? Ho(dutd) = (8.0 2.0)- 107 cm?;
R A 01eV<E;’,“:<.O.Se\;’;U o

§

Fig. 2. Time (]lbtllbllllOIIS‘ of meso-X-ray
4 quanta from Alg- and Op- atoms {with
“background subtracted): a ““ experiment

with pure hydrogen at 10 atm, b —- ex-

periment with deuterium at 14 atm. Solid
"+ lines show fittiug results. Two lines in the
initial region of spectrum b) show the re-
sults of fitting the experimental data on
the assumption that the initial energy of
dpi-atoms is 0.2 eV and 1 eV, respectively.

dn,/dt




In 1983 an experiment [9] on measurement of the cross section for scattering of
pp—atoms in hydrogen was carried out in Dubna. The experimental lay-out is shown
in Fig. 3. There was a gas target [8]' with the volume limited by scintillators of
CsI(T1) detectors 4 and 5. -Scintillator 5 was a hollow cylinder 205 mm long, with
inner diameter 120 mm and walls 5. mm thick. Scintillator 4 was a disc 120 mm in
diameter, 250 pra thick. The scattering cross section were deterniined from analysis of
amplitude and time distributions of meso-X-ray v quanta from Csu-- and Iy -atoms
produced by muon transfer from p p-atoms arrived at scintillator walls of detectors 4
and 5 to Cs and I nuclei. Two Nal(TI) detectors (dia. 150 x 100 nun %) registered -y
quanta. The experiment’ 1nvolved the following exposures: ’

out: 1.2+ 3 — monitoring.coun-
ters; .4, 5 — CsI(Tl) scintillators;
6 — stoppmg filter;: “e”, “4"—

electron and ~ quantum detectors

1espect1vely

a) the target was filled with isotopically pure hydrogen to the pressure of 41 atm
(T =.300K) with the deuteriuin content below 2 ppm, which eliminated noticeable
distortion of the result caused by diffusion of d u-atoms to scintillators of detectors 4
and 5 (d p-atoms are formed by muon transfer from p p-atoms to deuterons);

b) the target was filled with pure helium to the pressure at which the number of
muon stops int it was equal to that in pure hydrogen (background experiment);

c) the target was filled with a H ; + Xe mixture to determine the registrations
efficiency for meso-X-ray v quanta from (Cs, I)p—atoms. Closeness of I, Xe, Cs
atomic numbers allows one to consider meso—X-ray characteristics of Csp-, Ip-, Xep-
atoms identical;

d) an experlment with a vacuum target

e) auxiliary experiments almed at measuring density distribution of stops over the

target volume. :

Fig. 3. .'The experimental lay-,.

T
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100: - Fig. 4. Time spectra: e — measured
X F},} distribution of 7 quanta from charge ex-
[ {3 H change of p y-atoms on the target wall ma-
3of L@ { terial; o — similar distribution obtained by
' ‘Monte Carlo s1mulat10n at a(pp + Hp) =

{} ‘ 42.0-107" ¢
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As an example, Fig. 4 shows the time distribution of meso-X-ray vy quanta from
(Cs,I)p-atoms (with background subtracted) resulting from diffusion of p y~atoms to
target walls. To find the relation between the scattering cross section for p p—atoms
and the relative experimental yield a of meso-X-ray v quanta from (Cs,I)u-atoms
and. to check sens1t1v1ty of the result to various assumed characterlstxcs of scattering,
the processes occurring after muons stopped in hydrogen were numerlcally 51mulated
by the Monte .Carlo method. The simulation algorrthm involved the fol]owmg as-
sumptrons 1) dlstrrbutlon of muon stops over the target volume is 1sotrop1c 2) initial
energy of pu-atoms is 0.18 eV; 3) elastic scattering cross section of p u- —atom by H,
molecule in the energy range of collision E < 0.18 eV is constant; 4) on colhdlng with
a hydrogen molecule the mu-atom, whose wave length is smaller than the size of the
molecule, practrcally 1nteracts with one. of. its protons, and yet “feels” that the proton
remains bound in, the molecule H2 Since the spacing between rotatronal energy levels
of the H, molecule is about 0.01 eV, the rotational energy levels of the molecule can
be excited. at collision energres'from 0.04 eV to 0.18 eV, So, one does not deal with
pure elastic collisions of the p u-atom with the molecule as a whole. That is why the -
authors of [9] regarded the process ppu + H2 —  pp + Hz as c.m.-isotropic elastic
scattering of p p—atoms by particles with an effective mass m, < M < 2my(m, is
the proton,mass); 5) the velocity d1str1but10n of molecules with effective mass M i is
described by the Maxwell formula W1th the average energy 0.038 eV.

Taking into account the fact that in the given energy range only rotational energy
level can be excited,in. COlllSlOIlS of pu—atoms with hydrogen molecules (vibrational
levels are not excited), the authors of.[9] considered a classical dumbbell-like analog
of the H, molecule with two atoms fixed at a given distance on the axis. Simulation
of collisions between p p-atoms and these molecules taklng part in thermal motion
with five degrees of freedom showed that the average characteristics of scattering are
equivalent to characteristics of collisions between hydrogen mu-atoms and particles
of mass M = 1.25 m,,. \



‘I'ne Monte Carlo simulation ot the mu-atomic and mu~molecular'pr'ocesses n
hydrogen with the effective mass of the H, molecule yielded the cross sectlon for
scattering of p uy~atom by hydrogen molecule: ,

o(pp+ Ha) = (42.0 % 8.0)- 1072 cm?

In F]g 4 one sees the measured txme dlstrlbutlon of meso-X-ray v quanta. from
(Cs, D p— ~atoms and the correspondlng simulated distribution at o = 42.0-10~%! cm?.
As seen, these distributions do not dlffer within the statistical errors. Since a usual
result of theoretical calculations is a cross section for scattering of p u-atoms by free
protons o(pp + p), the authors of [9] used the ratio o(ppu + H,) /o(pp + p) = 2.42
[16] to compare the experimental value of o(pp + Hg) w1th the theoretical one. The
derived value of o(p p ++ p) is

o(pp+p) = (174-% 3.3)- 107 cm?

As seen from Table 1, the experimental values of the cross section for’ scattering
of p p—atoms in hydrogen [8], [9] agree within the statistical errors with one another
and with the result [12] calculated by numerically solving a multichannel scattering
problem in-the adiabatic representation of the problem of three bodies inferééting
by the Coulomb law. As to the data of [§], [9] and the result of [3] obtained with
a diffusion chamber, they show considerable difference as before [5]. "Noteworthy is
also substantial discrepancy between the experimental data [8] [9] and the results
of ‘calculation [12] - [15] of cross sections for scattering of pp- atoms by hydrogen
atoms and molecules (Table 1) obtained with allowance for spiii effects ‘and' impact
of ‘H; electron shell (all po<s1b1e rota.tlona.l a.nd wbratlona.l transmons in hyd1 ogen
molecules) . . SRR

Now the experimental data [19], [20] on measurement of cross sections for scatter-
ing of pu— and d p-atoms atoms in hydrogen and deuterium are being analysed. The
experiment was carried out at PSI (Switzerland) by a method practically analogous
to the one used in [5], [8] at hydrogen pressure ranging from 47 mbar to 1520 mbar
and deuterium pressure from 94 mbar to 1520 mbar. During the experiment there
was an assembly of 50 foils (the gap between them was d'= 2.3 mm) or 25 foils (d
= 4.6 mm) inside the target. The foils were made of a plastic material (CyH,F3)
covered with a layer of Au 100 £ 10 A. The method for cross section measurement
was based on Monte Carlo analysis of time distributions of 356-keV v quanta arising
from de-excitation of %Pt nuclei resulting from capture of muons by Au nuclei. The
aim of the experiment was not only to measure cross sections for scattering of p u-
and d p-atoms atoms in hydrogen and deuterium but also to get information on the
initial energy distribution of muonic atoms of hydrogen isotopes. ’

Table 2 lists the experimental and calculated values of cross sections for scattermgv)
of d ji-atoms in deuteriuni. Analysing pathlength distributions of d ji-atoms by the”
Mounte Carlo method, the anthors of [4], [17] employed the following assumptions. In
the epithermal d p-atom energy range 0.05 < Ey, < 45 eV d p-atoms are scattered
by free deuterons; the angular distribution of scattered d y-~atoms is isotropic in the
c.m. ‘system; the energy dependence o(d jt + d) is taken from [7] (o (0.05 eV) = 1.5
o (45 eV)); in the thermal energy range d p—atoms are scattered b_v D, molecules;
[); molecules are at rest, and Maxwell motion of D; molecules is taken into account -
only when the average energy of relative motion of d ji-atoms and ), molecules is -
caleulated; the *bound”: character of a deuteron in the D, molecule is taken into
account;: the angular distribution is isotropic.in.the c.m.” system; the density of
scattmmg centres is equal to the number of deuterons; the scattering centre mass IS
2mg(my is the deuteron mass). ~

‘In [5]. [8] the Moute Carlo analysis of time distributions of meso-.X-rays from
Augt-, Alyi-, Opr-atoms for determination of the d p-atom scattering cross section in :
deuterium was carried out with practically the same assumptions as the analysis of .
the experiniental data [5], [8] on measurenent of the p p-atom scattering cross section -
in hydrogen -(the scattering centre mass is 2my).

Table 2 also give the cross section for scattering of d ji—atoms by deuterons aver-
aged over the data of [5], [8]. As seen from Table 2, the experimental results obtained
in [4], [7] and in [5]; [8] do not agree. There.is also considerable difference between
them and the calculated results of [6] - [7], [10] - [11], [14] - [15]:

Turning to scattering of dpg-atoms by protons, we would like to mention that
there has been no correct measurement of the cross section for this process up to
now (see Table 3). o know cross sections: for.process (3).is ;necessary not only
for correct description of kinetics of nu-atomic-and mu-molecular processes in the
H, + D, mixture but also for checking the algorithm of calculation of this quantity
because theoretical paperb indicate that the elastic dp + p scattering cross section
can_be practically zero;at the d p~atom energy Fqyp ~ 0.45 eV.in the lab system
{Ramsauver—Townsend effect) Analysmg the present-day. situation with exp(‘mnental
and tlle(netlcal results of (letelmmdtlon of the cross section for scattering of p - and
duuatoms in hvdlogen and deuterl n, one can dlaw the following conclusions.

1) For correct comparison of the results obtained in 3], [4], [5]- [8]. [9] one must
carry out the Monte Carlo analysis of all experimental data (pathlength dlstnl)utlons
of pp— and d u-atoms [3], [4], time (lmtnbutlons and yields of meso- X ray ¥ quanta
from Au;t -atoms [5], Oy, Al/t -atoms [8], Cspe—, 1pi- atoms [()] using calculated angu-
lar distributions of scattered p - and d yi-atoms [23]. Thus, the simulation algorithm
for scattering of muomc atoms in hvdrogon and deuterium must compnse the saine
assumptions. '

2) Tt is necessary to comparé the results obtained in the above way with the results
of experiments carried out at PSI [19], [20].




Table 3: Experimental and theoretical values of the cross section for scattering of
d;t “atoms in hy drogen

Experiment .. ‘ o Theory
- wo |l o(detp) |- L o(dﬂ + p) a(d# T Hz)
- Paper ‘. Lo Paper -
oo s R em?) o] (10 =2l cmn?)
Dubna [4] - o+ .1 Cohen S.:[7] | O(E4, = _0.45 eV)
(diff.chamber - S L 5.3 (0.04 'eV) :
P(H; + Dg) - < 5. . | Cohen J:[15] 130 532(d;t+H
=.23 atm, - . oo RS A B
Cp: = . ' (0 05 eV)
(0.44+6.7)% 2 S S ce
T =242K-) ot e 14 0 30
Adamczak [22] 166 i 355
‘ 7 (0.05 eV) _
SEELER - 2 B ' 18.7
. : © (1.0 eV)
Shiff [21]° | (0.8%3%)* | Melezhik [12] |- 16.0 (0.04 €V)
BT '07(10eV)

* The result is obtamed in [4] by ana]ys15 of the d y-atom pathlength d1str1butlon

measured in an experlment with liquid hydrogen [21]. o cE T

3) If there is discrepancy, additional experlrnental mvestlgatlon of pu- and dp-

atom scattering must be carried out, which will help not only to clarlfy the nature
of the discrepancy but also to check correctness of calculation of cross sect10ns “for
processes (1) and (2). It should be mentioned that the chosen methods and condltlons
for the experiments must be such that the poss1b1hty of any possible systematlc errors
is reduced to a minimum.

4) To get correct 1nformatron on the cross sectlon for scattermg of d;t—atoms m‘
hydrogen it is necessary to carry out experiments on measurement of this quantltyl

under different experimental conditions.

. Finally, we pomt out an interesting proposal [24] for productlon of fluxes of prac—
tlcally monoenergetic muonic atoms of hydrogen isotopes and their use for measuring
cross sections for scattering of muonic atoms in hydrogen, deuterium and tritium.
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| E‘(penments of thls type a]lm\ (luect obse1 vatlon of the Ramsauer—Townsend:'
effect in scattumg of d;t— and f;t atoms 1n hvdrogen '(Bes1des neutral ﬂuxes of -
d;s— and t p-atoms will allow more detalled inv estrgatlon of mnu- ~cataly srs kmetlcs in
(leuleuunl tutmm in Hg + Dg D; + T, Hg + T2 nn‘(tures ) .
-\ll the al)ove——mentloned pacl\age of 1nvest1gat10ns will undoubted]y prov1de an- '
s\\els to many of the questlons arlslng 111 “the study ofp;t— dji- t - atom scattermg'
in Ilvdlog( i1, deuteriuni and- tritium:
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Bricrpuukit B.M. E1-93-450.
K Bompocy 06 M3MepeHHu CeueHuUit paccedHns pyu— u dy—aToMOB ,
B BOIOPOACE N AEATEpHH

PaGora nocBsimena xpaTkoMy 0030py BCEH COBOKYITHOCTH IKCIIEPUMEHTOB
1O M3MEPEHHUIO CEYEHMs pacCesHUs pu—aTOMOB B Bogopoae U du—aToMOB B
Boxropoze it aeiitepun. IIpoBeneH aHaJM3 ¥ CPaBHEHHE MTOIYYCHHBIX SKCIIEpH-
MEHTAJILHEIX PE3YJIBTATOB KaK MeXAy co0oil, Tak M ¢ pe3yIbTaTaMy BRIVUC/IE-
Huit, C He/bI0 BRISCHEHHS IPHPOLE! CYINECTBYIOUINX PACXOXASHHH MEXIY pe-
3yJIBTaTaMH HEKOTOPHIX SKCIHEPUMEHTAIPHEIX paboT, a TaKXe A8 NOJyYeHHs
Gousiee NpenM3MOHHOM MH(OPMAIIMH O CEUeHHIX YKA3AHHKIX TIPOLIECCOB MPEMIo-
>XKeHa mporpaMma JajabHeRmero N3yYeHus NpoueccoB pacCeTHN MIOOHHEIX aTO-
MOB H30TOMOB BOAOPOAA.

Pabora Bunosnena B JJaGopaTopuu smepﬁmx npobnem OUAH.

ITpenpuHT O6bEAMHEHHOr0 MHCTUTYTA SAEPHBIX MCCeaoBanuit. dybua, 1993

Bystritsky V.M. - E1-93-450
On Measurement of Cross Sections
for Scattering of pu— and du— Atoms in Hydrogen and Deuterium

The paper is a brief review of all experiments on measurement of cross
sections for scattering of pu—atoms in hydrogen and du—atoms in hydrogen
and deuterium. The experimental results are analysed and compared both with
one another and with calculated results. A program for further investigation of
scattering of muonic atoms of hydrogen isotopes is proposed in order to clarify
the nature of discrepancies between some experimental results and to get more
precise information about the above processes. ’

The investigation has been performed at the Laboratory of Nuclear
Problems, JINR. ‘
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