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Abstract. Inclusive neutron energy spectra were measured by time of flight using 1.22 GeV antiprotons
from LEAR, CERN, as projectiles and targets from natural Al, Cu, Ag, Ho, Ta, Au, Pb, Bi, U. The
sum of two Maxwellian distributions was fitted to the spectra d?c/(df2dE) obtained at several forward
and backward angles yielding neutron multiplicities M; and slope or temperature parameters T; for the
low-energy (evaporative, ¢ = 1) and high-energy (pre-equilibrium, i = 2) parts, respectively. M; increases
with A, proportional to the nuclear volume, and M is growing with Al/?’7 proportional to the nuclear
radius. The T parameters are nearly independent of A. The results are compared with previous multiplicity
measurements with a 47 neutron detector, intranuclear cascade calculations and neutron spectra from
stopped antiproton annihilation on nuclei. With the measured proton spectra also the ratio of emitted

neutrons to protons was determined for Au.

PACS. 25.43.4+t Antiproton-induced reactions — 24.60.Dr

24.75.41 General properties of fission

1 Introduction

Antiprotons (P) are a very interesting tool to produce very
hot nuclei up to thermal excitation energies of 1 GeV. In
contrast to heavy-ion reactions these excited nuclei are
produced without compression and without high angular
momentum. Consequently, different and new processes are
expected. Many experiments were performed at the Low
Energy Antiproton Ring LEAR at CERN, Geneva, to in-
vestigate the heating of nuclei using stopped antiprotons
[1-11]. Antiprotons at rest form antiprotonic atoms, cas-
cade down to lower orbits and annihilate with one nucleon
at the nuclear surface. The annihilation produces between
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Statistical compound nucleus reactions —

two and eight pions, sometimes via intermediate mesons,
which have energies up to several hundred MeV.

Some pions penetrate the nucleus and start an intranu-
clear cascade with the emission of fast neutrons, protons
and other light charged particles. A very broad distribu-
tion of hot nuclei is obtained which cool down mainly by
evaporation of neutrons and light charged particles. In
heavier nuclei also fission takes place [8,10,11]. The spec-
tra of emitted particles have been carefully measured [3,
5,9]. All these experimental results can be quite well re-
produced by intranuclear cascade (INC) and evaporation
calculations using Monte Carlo methods [12,13].

The initial step of the interaction of fast antiprotons
with nuclei is quite different. The fast antiproton sees the
nucleus nearly as a black sphere [14] and annihilates with
a nucleon slightly deeper within the nuclear surface. The
annihilation pions are kinematically focused towards the
nucleus. Hence, more and faster pions heat the nucleus
more than after the annihilation of stopped antiprotons.
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Table 1. Used targets and their thicknesses.

Target  Thickness (g/cm?)  Target Thickness (g/cm?)
TAl 0.35 Y7 Au 1.9
"t Cy 1.8 natph 2.27
nat Ao 1.06 209B;4 1.9
'%Ho 0.53 Y 5.72
'®1Ta 3.32 — —

It is expected that the heating is “smooth” and faster
compared to heavy-ion reactions.

In order to study these processes in detail a new de-
tector was constructed which measures in 47 geometry
the multiplicities of the emitted neutrons (Berlin Neu-
tron Ball = BNB) and charged particles and fragments
(Berlin Silicon Ball = BSiB) [15,16]. Some exciting results
obtained with this new detector have already been pub-
lished [14,17-21]. For instance, an average number of only
1.0 intermediate-mass fragments was found for the most
highly excited heavy nuclei [19] indicating that multifrag-
mentation does not play as significant a role as in many
high-energy heavy-ion reactions. Neutron multiplicities of
up to 50 corresponding to thermal excitation energies up
to 1 GeV were observed in Au, Bi and U targets. Unfortu-
nately, this detector does not determine the energy spectra
of the neutrons. However, these neutron spectra contain
important information on the reaction, heating and cool-
ing mechanisms, on temperatures and on the energy bal-
ance. Furthermore they are helpful to check the efficiency
correction of the BNB. Therefore, a specific experiment
was carried out to measure the neutron energy spectra af-
ter annihilation of fast antiprotons in a series of targets. A
similar setup was used for the experiments with stopped
antiprotons [5,9].

2 Experiment

The experiments were performed at the Low Energy An-
tiproton Ring LEAR at CERN, Geneva (PS208). An-
tiprotons with kinetic energy Ep = 1.22 GeV annihilated
within a wide range of targets (Al-U, see table 1). By using
targets with rather small thicknesses mainly annihilation
in flight was observed without secondary reactions. The
resulting inclusive neutron spectra were measured with
the time-of-flight method (TOF).

The incoming antiproton beam passed several scintil-
lation detectors, the target and two scintillators behind
the target. The 2mm thick first plastic scintillator placed
16.14 m upstream from the target was used as a start de-
tector for the TOF measurement. It was positioned in an
air gap between the LEAR and the experimental vacuum
system. During a beam spill (ca. 1h) antiprotons hit this
scintillator at a rate of about 10°s~!. The antiprotons
then traveled inside a 15 cm diameter vacuum tube with a
wall thickness of 2 mm steel and passed plastic scintillator
diaphragms, which were operated as veto counters to con-
trol the adjustment of the beam. The antiprotons hit the
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Fig. 1. Neutron detector setup at the antiproton beam. The
angles of the detectors (D1-D8) towards the p beam are —145°,
—125°, —75°, —50°, —25°, +25°, +50°, +110°, respectively. In
front of each liquid scintillator a 3 mm thick plastic scintillator
is mounted to identify charged particles.

5cm x 5 cm quadratical target which absorbs only a small
fraction of the antiproton beam. The antiprotons without
interaction in the target left the vacuum tube 4.37m be-
hind the target through a 1 mm thick steel window and
passed additional plastic scintillators used as veto coun-
ters for beam alignment.

The neutron TOF spectra were measured with eight
NE213 liquid scintillation counters (D1-D8) with diame-
ters and thicknesses in the ranges 10.2-12.7cm and 5.1—
10.2 cm, respectively (cf. fig. 1). A 3mm thick plastic scin-
tillator was mounted in front of each liquid scintillator
and used as a charged-particle veto counter. The detec-
tors were positioned around the target at angles between
—145° and +110° and distances between 0.9 m and 1.5m.
The liquid scintillation counters provided also the stop sig-
nals for the TOF measurement. Neutron counters similar
to the used ones are described in detail in ref. [9].

In order to distinguish between neutrons and ~-rays
in the scintillation counters, a pulse shape parameter
AFE = Ey{ — E5 was derived from each scintillator detector
in addition to the signal Fy = E1+FE5. F1 denotes the inte-
grated intensity of the rising part of the liquid scintillator
signal up to the maximum and F the integrated intensity
of the falling part after the maximum. For particle iden-
tification two-dimensional plots of the energy difference
AFE vs. total deposited recoil energy Ej yielded separated
groups of neutrons and ~-ray events (cf. fig. 2).

An additional selection of neutron events was made
in the Ey vs. E plane, where E denotes the neutron
kinetic energy deduced from TOF exploiting relativis-
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Table 2. Fitted evaporation and pre-equilibrium parameters K and T of the neutron production cross-section d20/ (d2dE).
The errors of Ky, K2, Ty amount to +10%, while the error of T» is about +5%. For Al and Cu, however, the error of T} is

+30% and +15%, respectively.

Ki (mb/sr) K5 (mb/sr)
—145° —125° —75° —50° +50° —145° —125° —75° —50° +50°
Al 62 73 90 96 111 94 119 172 236 238
Cu 327 360 379 431 400 270 337 449 596 557
Ag 823 912 972 931 1000 466 569 750 935 909
Ho 1960 2200 2330 2410 2370 803 1000 1290 1630 1500
Ta 2380 2630 2720 2800 2700 854 1100 1310 1600 1570
Au 2660 2930 3120 3090 2900 942 1190 1500 1800 1650
Pb 2690 2970 3080 3190 3140 928 1150 1410 1730 1660
Bi 2890 3200 3260 3290 3170 1010 1240 1550 1820 1750
U 3890 4290 4050 4110 4410 1080 1340 1600 1910 1890
71 (MeV) Ty (MeV)
—145° —125° —75° —50° +50° —145° —125° —75° —50° +50°
Al 3.9 3.1 3.5 4.6 3.9 41.8 36.2 47.6 59.2 55.1
Cu 4.2 3.6 3.9 4.3 4.1 39.6 36.6 46.8 54.0 52.1
Ag 4.0 3.6 3.8 4.0 4.0 38.7 33.1 42.6 47.9 50.0
Ho 3.8 3.6 3.7 3.8 3.8 34.4 32.6 40.7 45.7 45.2
Ta 4.1 3.7 3.9 4.1 4.1 34.7 32.2 38.2 42.7 45.0
Au 3.9 3.6 3.8 4.1 4.0 35.4 31.6 39.4 43.6 43.2
Pb 4.0 3.7 3.9 4.2 3.9 34.5 32.3 39.6 44.4 43.1
Bi 4.0 3.7 3.9 4.2 4.0 35.6 32.2 39.5 43.3 43.3
[§] 3.6 3.3 3.5 3.7 3.5 34.0 32.0 38.1 40.6 40.2
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Fig. 2. Energy difference AE vs. total recoil energy Ey (de-
tector pulse height), both measured with the liquid scintillator
detector D3 using a 1.9g/cm? thick Bi target. Gamma rays
and neutrons are clearly distinguished. The « particles are pro-
duced within the scintillator by neutrons with the 2C (n,a)
9Be reaction.

Fig. 3. Intrinsic neutron detection efficiency € vs. neutron en-
ergy F for detector D1 as calculated by means of the MC
program CECIL [22] for a NE213 detector with diameter
and thickness of 12.6 and 5.08 cm, respectively. The detection
threshold was E = 1.23MeV as determined with a 2>Na source
and measured TOF spectrum. The peak in the efficiency near
20 MeV comes from the >C (n,n’)3« reaction.
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Fig. 4. Double differential inclusive neutron production cross-
sections d?c/(d2dE) vs. E for Al, Cu, Ag, Ho, Ta, Au, Pb, Bi,
and U targets at an emission angle of —145°. The dots denote
the measured points, the drawn lines the function of eq. (1)
fitted to the measured points with K; and T; (i = 1,2) as fit
parameters and the dashed lines INC calculations, respectively.
The cross-sections have been multiplied by 3™ as indicated.

tic kinematics. Signals from neutrons, which were scat-
tered in the surrounding material before reaching the de-
tectors, were partly rejected by imposing the condition
Ey < E. Figure 3 shows the intrinsic neutron detection ef-
ficiency €(E) of D1, calculated with the program by Cecil
et al. [22] for a detection threshold at 1.23 MeV. By means
of the measured neutron spectra and e(E) the double-
differential neutron production cross-section d%c/(dQ2dE)
after 1.22 GeV P annihilation is obtained. The threshold
for neutron detection was between 1.0 and 2.0 MeV. Con-
sequently the spectra below about 2 and 4 MeV are not
reliable resulting in considerable uncertainties for the de-
termination of evaporative neutron multiplicities.

3 Results

Experimental double-differential neutron cross-sections
d?0/(d2dE) measured for nine targets are displayed in
figs. 4 and 5 at a backward angle of —145° and a forward
angle of —50° as examples. These distributions are seen
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Fig. 5. d’0/(d2dE) vs. E at an emission angle of —50°; else
as fig. 4.

to consist essentially of two parts, one low-energy compo-
nent (< 20 MeV) originating from the neutron evaporation
and one fast-neutron component (> 20MeV) extending
to high energies due to neutron emission during the fast
intranuclear cascade. Although there is no physical justifi-
cation to fit the INC component with a Maxwellian distri-
bution, such a distribution has nevertheless been used as a
functional dependence, with thus T5 being not a tempera-
ture. Consequently, d20/(df2dE) can be approximated by
the sum of two Maxwellian distributions [23],

dzo' _ Kl \/E e_E/Tl —|—K2 \/E e_E/T2. (1)
d2dE T3/ o

T; (i = 1,2) are spectral shape parameters with 7} con-
nected to the temperature of the evaporating system. K;
are related to do/d2 by do/d2 = (/7/2)(K1(0)+K2(0)).
The spectra were fitted with eq. (1) above 24 MeV. The
resulting fit parameters K; and T; are listed in table 2. The
given errors of the K and T values include statistical and
systematic errors. The systematic errors were estimated
from deficiencies of the fit procedure (e.g., only two expo-
nentials) and possible electronic cuts during the measure-
ment by looking at the variations of the fit procedure or
the changing thresholds. The limited time resolution was
also taken into account in the errors. The errors of the
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Ty values (£10%) are about twice as large as for Tb. In
particular for the light targets Al and Cu the error of T}
was +£30% and +15%, respectively. The spectra measured
at +110° (D8) and +25° (D5, D6) were not included in
table 2. For detector D8 the pulse shape discrimination
was not good enough for reliable data analysis while the
detectors D5 and D6 are contaminated with too much
background from annihilation of scattered antiprotons in
the beam tube close to the +25° detectors. For the other
detectors the background was sufficiently small to be ne-
glected.

Since the velocity of the emitting source is relatively
small [24] as compared to the neutron velocity, it was ne-
glected in the given formula (1). The fitted curves obtained
with this function are also shown in figs. 4 and 5. In spite of
the good overall agreement between the measured and fit-
ted spectra the experimental yield is underrepresented by
the fit near 25 MeV in most cases. This indicates that for
a better reproduction of the experimental results a third
Maxwellian distribution would be necessary representing
the intermediate pre-equilibrium neutron emission. This
third component was used by Polster et al. [5,9] for the fit
of neutron spectra after annihilation of stopped antipro-
tons in heavier targets. However, since an increased num-
ber of free fit parameters would have made the fit less sta-
ble we preferred therefore a fit with only two Maxwellian
distributions which also facilitates the comparison of the
different targets.

The evaporation neutrons are supposed to have
isotropic angular distributions. Consequently, average val-
ues of K7 and Tj of the five measured angles (—145°,
—125°, —75°, —50°, +50°) are given for each target in
table 3. The weak angular dependence of K (due to the
antiproton momentum) was neglected. The fast-neutron
components, instead, have higher intensities and slightly
higher T-values in beam direction (small angles). Since it
is difficult to assume a meaningful angular distribution,
also the average values T, are listed in table 3. The angu-
lar distribution of Ky was assumed to be described by

K5(0) = Cexp(acos®). (2)

Figure 6 shows the angular distributions of K for the Cu,
Ho and U targets together with the fitted functions (2).
Parameters C and a were determined for each target with
a least squares fit. The a-values are decreasing with A from
0.58 for Al to 0.37 for Ta and 0.33 for U. The average Ko
values are obtained by integration over the full solid angle:

+1
Ky = — / exp(acosf) d(cos )

2 /)
= %(exp(a) —exp(—a)). (3)

The average neutron multiplicities M ; are calculated from

_ o3/2 __
M, ="K, (4)

Oinel
where oj,0 1S the total inelastic reaction cross-section
which is essentially given by the annihilation cross-section.
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Fig. 6. Angular distribution of the fast neutrons after p anni-
hilation in Cu, Ho and U targets (K2).

The used oy, values were calculated with the experimen-
tally derived formula [14,17]:

Tinel = (1.3841/3) %, (5)

The values Ko, My and oine are also listed in table 3.
The target mass dependence of all T; and M; values is
displayed in fig. 7. The experimental values were fitted
with ad-hoc functions, that is M; = 0.084 - (A — 8.9),
My = 1.23- (A —14.9)'/3, T, = 3.84MeV and Ty =
(21.7 4 7970/(A + 274)) MeV.

4 Discussion

Inspection of table 3 and fig. 7 reveals several striking fea-
tures. For all targets the apparent evaporation tempera-
ture T'; remains essentially constant with an average value
of 3.84 & 0.20 MeV. The temperature 71, however, is the
average over the whole neutron cascade while the initial
temperature is about (12/11) - Ty [25]. In terms of the
Fermi gas model, this translates into an average initial
excitation energy E* of the target-like nucleus after the
prompt intranuclear cascade of E* = a- (T -12/11)2. As-
suming a level density parameter a = A/10 MeV ™! we ob-
tain B* /A = 1.940.6, 1.8+0.3, and 1.5+£0.3 MeV /nucleon
from table 3 for Cu, Au, and U, respectively. This re-
sult agrees within the errors with the respective aver-
age excitation energies of 2.53 £+ 0.25, 1.65 4+ 0.17 and
1.52 + 0.15 MeV /nucleon as deduced by Goldenbaum et
al. [17] by employing the caloric method, i.e. by summing
up the energy removed by all evaporated neutrons and
light charged particles.

The multiplicities of evaporated neutrons M increase
nearly linearly with A. This indicates an increase of the
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Fig. 7. Target mass dependence of the neutron multiplicities
M, and the T; parameters. Note the supressed zero in the
ordinate of the lower two panels.

deposited excitation energy with A. The slope parame-
ters T of the fast neutron spectra are decreasing from
Al to Ag and then remain rather constant near 39 MeV
for heavier targets. This means that the process of fast
neutron emission is rather independent of A for A > 100.
The multiplicity of fast neutrons seems to increase with
A'/3 being proportional to the nuclear radius. This be-
havior indicates that the path length of the pions or fast
nucleons in the nucleus is responsible for the number of
emitted neutrons.

It is very interesting to compare the values of 7T; and
M; with the corresponding results obtained by Polster et
al. [9] with stopped antiprotons, because it demonstrates
the influence of the increased antiproton energy and of the
larger number and energy of pions interacting with the
nucleus. The total neutron multiplicities for the different
targets are compared in table 4. The neutron multiplici-
ties for all targets are about 60% larger at 1.22 GeV than
for stopped antiprotons. In heavier targets about 9 addi-
tional neutrons are emitted by fast antiprotons. However,
a detailed comparison sheds more light on the similari-
ties and differences. For evaporation neutrons the multi-
plicities (M;) are about 20-50% larger for fast than for
stopped antiprotons and the 77 parameter is about 1—
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1.5 MeV larger for fast antiprotons and heavy nuclei. How-
ever, this latter finding is partially due to the fact that for
heavy nuclei a three component fit was employed in ref. [9]
which tends to reduce the temperature of the evaporative
component. For fast neutrons from the INC the T pa-
rameters are very similar for stopped and fast antiprotons
while the multiplicities increase in most cases from about
2.5 to about 7 for fast antiprotons. It is surprising that
the higher energy of the annihilation pions does not cause
higher fast neutron energies but more collisions in the INC
and thus larger multiplicities of fast neutrons.

In the cases of Cu and Au in addition to the measured
and fitted spectra shown in figs. 4 and 5 also spectra cal-
culated with the INC model (and filtered with the exper-
imental detector efficiency) are displayed. The used INC
model is discussed in refs. [8,10,12,14]. While the agree-
ment for the evaporative part is satisfactory, the calcu-
lated fast neutron spectra are too low, especially at —50°.
The reason for this discrepancy is not evident.

One of the purposes of the present investigation is the
comparison with the total neutron multiplicities obtained
with the Berlin Neutron Ball [24]. This detector measures
the neutron multiplicity in each reaction but does not yield
any information on the energy of the emitted neutrons. In
order to correct for the neutron energy dependent effi-
ciency of this detector (typically about 82% and 21% for
M; and My, respectively [26]) the neutron energy distri-
bution must be known. From the present investigation we
have obtained the effective efficiency effky; by folding the
energy dependent efficiency of BNB with the measured
spectral shape by using the mean parameters given in ta-
ble 3. The result for iy is given in table 4 which was
then used to correct the neutron multiplicity MpNp as
measured with BNB. These values [24] are also given in ta-
ble 4. It is satisfying to see that the BNB multiplicities are
very similar to those measured in the present experiment.
This agreement furthermore confirms that the procedure
to employ the Maxwellian distribution to extrapolate the
measured neutron energy spectra below 2—4 MeV is cor-
rect, since the BNB essentially has no low energy cut off
energy.

In refs. [17-21] the thermal excitation energy of each
induced reaction was reconstructed by exploiting the mea-
sured associated multiplicity of neutrons and light charged
particles. This procedure requires that the particles have
been evaporated from an equilibrated source. The mea-
sured neutron multiplicity consists, however, of the sum
of evaporated and pre-equilibrium neutrons detected with
high and low efficiency, respectively. Following model cal-
culations it was assumed in the above references that the
measured neutron multiplicity can be identified with the
multiplicity of evaporated neutrons. In table 3 the mea-
sured (not corrected for efficiency) mean neutron multi-
plicity Mpnp is given in the last column. By comparing
these numbers with the Mj-values we observe that in-
deed Mpnp =~ M, confirming the assumptions made in
refs. [17-21]. This observation is due to an accidental com-
pensation of the somewhat smaller than 1 efficiency for
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Table 3. Average K, T and M values deduced from the fitted neutron spectra. oine1 was calculated with (1.38 - Al/?’)2 -7 [14,
17]. The errors of K1, K2, T1 amount to £10%, while the error of T3 is about £5%. For Al and Cu, however, the error of T} is
+30% and +£15%, respectively. In the last column the mean neutron multiplicity Mpnp as measured with BNB is given as well

[24] with the errors in parentheses.

Target Oinel (mb) Fl (mb/sr) Ml T1 (MeV) ?2 MQ TQ (MeV) MBNB
2TAL 538 86 1.8 3.8 140 2.9 48.0 2.6(3)
et Cu 950 379 4.5 4.0 380 4.4 45.8 5.0(6)
nAtAg 1353 928 7.6 3.9 640 5.3 42.5 8.0(10)
165Ho 1800 2250 14.0 3.7 1110 6.9 39.7 12.8(15)
181, 1914 2640 15.4 4.0 1200 7.0 38.6 14.7(18)
197 Au 2026 2940 16.2 3.9 1320 7.3 38.6 15.4(19)
natpp 2095 3010 16.0 3.9 1290 6.9 38.8 16.3(20)
209B;4 2107 3160 16.7 4.0 1410 7.5 38.8 —

38U 2298 4150 20.1 3.5 1510 7.3 37.0 18.2(22)

Table 4. Comparison of the total neutron multiplicities from
the present measurement (Hl —|—M2) and from a measurement
with the 47 neutron detector BNB [24] (Mg5) which was cor-
rected for the BNB detection efficiency €&k 5; The total neutron
multiplicities Mstopm@ = M, + My(+M3;) after annihilation

corr

of stopped antiprotons [9] are also given. The errors of MgXp
and M gioppeap are given in parentheses.

Target M+ M, MgXB ety M stoppedp
2TAl 4.65 5.1(6) 0.51 3.08(31)
"2t Cu 8.86 8.8(10) 0.57 5.9(4)
nAfAg 12.9 13.1(16) 0.61 8.0(7)
165Ho 20.8 19.6(25) 0.65 12.2(9)
181y 22.4 22.2(27) 0.66 14.0(11)
197 Ay 23.4 23.2(28) 0.66 14.9(9)
"atph 22.9 24.4(29) 0.67 —
209B;4 24.2 — 0.66 15.6(11)
38y 27.5 26.5(31) 0.69 18.1(14)

evaporative neutrons by the detection of energetic neu-
trons.

5 Ratio of energetic neutrons to energetic
protons

Though the main emphasis of the present experiment was
the measurement of neutron spectra, we have obtained
also information on the energetic proton spectra by re-
quiring coincidences with the scintillator paddle in front
of each neutron detector. This method has been explained
in detail in ref. [9]. The unexpected finding for stopped an-
tiprotons was that the neutron to proton ratio is almost
twice as large as the N/Z ratio of the target [9]. For fast
antiprotons we have found, however, that for the Au target
the n/p ratio amounts to 1.50 + 0.25 at nucleon energies
of about 100+25MeV. This finding for fast antiprotons is

within the errors in agreement with the N/Z ratio of Au
(1.49) and the predictions of INC calculations (n/p=1.5).

6 Summary

The spectra of neutrons emitted after annihilation of
1.22 GeV antiprotons at various target nuclei yielded a
wealth of new information on very hot nuclei. In particu-
lar the observation of a strong evaporative component in
the spectra of emitted neutrons can be taken as an ad-
ditional important confirmation of the thermalization hy-
pothesis made in previous studies of the decay properties
of antiprotonic heated nuclei. The spectra were fitted with
two Maxwellian distributions for fast and evaporation neu-
trons. The resulting multiplicities and slope parameters
show specific dependencies on the target mass number A
and are compared with INC calculations and correspond-
ing values of stopped-antiproton annihilation. The agree-
ment with the INC model is good. The higher available
energy of 1.22GeV for the p annihilation increases the
multiplicities of fast INC neutrons and the temperature of
the evaporation neutrons. The measured integral neutron
multiplicities are in excellent agreement with a previous
measurement employing a 47 neutron detector.

The excellent antiproton beam of LEAR and the help of the
LEAR team is very much appreciated. We wish to thank F.J.
Hartmann and B. Ketzer for discussions. The work was sup-
ported by the Beschleunigerlaboratorium der Universitit und
Technischen Universitat Miinchen.
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