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I 

Samenvatting 
Een dunwandige supergeleidende solenoïde met een centraal magneetveld van 1,5 T 

wordt ontworpen voor de WASA 411" detektor voor deeltjesfysica experimenten aan de 
CELSIUS versnellerring in Uppsala. De lengte van de solenoïde wordt 550 mm, de 
binnen en buiten diameter 490 en 650 mm respectievelijk. Een totale dikte van minder 
dan 0.2 X 0 (stralingslengte) kan worden bereikt. 

De magnetische veldsterkte is berekend voor het ontwerpen van de bescherming van 
de photomultipliers voor de caloriemeter. De magnetische krachten op de spoel zijn 
berekend ten behoeve van de bevestiging en eventuele versteviging van de solenoïde. 

Een ontwerp voor de buitenste vacuum cylinder is gemaakt. Deze kan worden ge
produceerd van 1 mm dikke gecorrugeerde aluminiumplaat. 

Sammanfattning 
För WASA detektorn behövs en tunnväggig supraledande solenoid med ett centralt 

magnetfält av cirka 1,5 T. Längden blir 550 mm och inre och yttre diametrarna blir 
respektive 490 och 650 mm. Väggtjockleken blir mindre än 0,2 X 0 (strä.lningslängden). 

Beräkningar av magnet fältet i detektorn ligger till grund för konstruktionen av 
skärmingen för fotomultiplikatorerna till Csl calorimetern. Magnetiska krafter paspolen 
och järnoket är beräknade och uppskattningar är gjorda av magnetfältets inflytande pa 
delta-elektronerna som produceras i väte-targeten. 

En beräkning av solenoidens yttre vakuumcylinder har utförts. Den kan att produc
eras i 1 mm korrugerad aluminiumplä.t. 



Abstract 

A thin walled superconducting warm bore solenoid with a central magnetic field of 
1.5 Tesla is being designed for the WASA 471' detector for partiele physics experiments 
at the CELSIUS ring. The overall length of the solenoid will he 550 mm, its inner and 
outer diameter will he 490 mm and 650 mm respectively. The wall thickness can he 
kept below 0.2 X 0 (radiation length). 

Calculations have been made on the field strength in the detector as a help for 
designing the shielding of the photomultiplier tubes, necessary for the calorimeter. Cal
culations of the electromagnetic forces on the coil and the yoke have been performed 
for the design of the solenoid 's support structure. Estimations have been made of the 
infiuence of the magnetic field on the delta electrons produced by a proton beam col
liding with a hydrogen target. A Monte Carlo method has been used to estimate the 
energy loss of delta electrons passing the forward steel window. 

A design for the outerwallof the solenoid's vacuum vessel has been made. The wall 
can he manufactured from 1 mm thick corrugated aluminium plate. 
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Chapter 1 

The WASA Experiment 

The CELSIUS ring at the The Svedberg Laboratory (TSL) can store and accelerate 
protons up to energies of 1.3 Ge V and heavier ions to corresponding energies at beam 
currents of several milliamperes [1]. With the existing internal cluster-jet target lumi
nosities of up to 1031 cm-2s- 1 can he reached in proton-proton and proton-deuteron 
reactions. Since the number of stored particles is relatively low (a bout 1010) the back
ground conditions are generally much better than for a conventionally extracted beam 
setup at the same luminosity. This situation will he further improved when using elec
tron cooling. Then the proton beam will have a cross section of a few millimetres and 
a relative momenturn spread of about 2 x 10-•. The good energy definition and the low 
background allow high precision measurements e.g. of partiele production at threshold 
and studies of some rare processes. In addition the use of thin targets minimizes the 
risk for secondary interactions of the reaction products in the target materiaL 

1.1 The WASA Physics Programme 

The main item in the WASA physics programme is the measurement of rare decays of the 
neutral pseudoscalar mesons 1r0 and 71, which are possible to produce at CELSIUS [2]. 
The most interesting decays occur typically with a rate smaller than 10-6 of that of the 
most frequent decay (into two gammas, table 1.1). To he able t<> measure or put limits 
on the frequency of such decay channels a sufficiently big sample of produced mesons 
and a reliable identification of all the decay products is needed. For a detailed study 
of the decay also an accurate measurement of the kinematics is necessary. To obtain 
the necessary luminosity and at the same time having a partiele detection capacity 
for a solid angle of almost 47r, a novel internal target concept is under development. 
The target consists of a train of frozen hydrogen ( or deuterium) dropiets ( 4J = 30J,tm) 
crossing the CELSIUS beam at a frequency of about 30kHz. This gives a luminosity 
of about 100 times higher than could he obtained with the cluster jet target. With this 
luminosity about 105 

1r
0s and 5000 TJS per second will he produced. The decay products 

of the 1r
0 are mainly gammas, electrons and positrons (see table 1.1). 

One of the most interesting decays for WASA is 1r0 --. e+ e- which should occur 
with a probability of 6x 10-8 if this process is described adequately by the established 
theories. A higher value would indicate new phenomena. Another interesting decay to 

7 



8 CHAPTER 1. THE WASA EXPERIMENT 

Table 1.1: Decay modes of the neutral pion [3]. 

1r0 decay modes 
2'Y 
e+e-'Y 
e+e-e+e
e+e-
4'Y 
vïi 

fractions [%] 
98. 798± 0.032 

1.198± 0.032 
( 3.14 ± 0.30 )x1o-s 

< 1.3 xl0- 7 

< 2. xl0-8 

< 6.5 xl0-6 

< 1.7 x 10-6 

< 3.1 x 10-6 

< 2.1 x 10-6 

Charge conjugation ( C) or 
Lepton Family number (LF) violating modes 
3'Y {C) < 3.1 x1o-s 
p.+e- (LF) < 1.6 x1o-s 

identify would be the charge conjugation symmetry breaking decay 1r
0 -+ 3'"Y for which 

the established upper limit is 3.1x10-8 • 

It should also be possible to study rare decays of the TJ meson. Due to its greater 
mass of 550 Me V/ c2 the TJ decay also involves neutral and charged 1r mesons and muons 
in addition to the channels listed for the 1r

0 in table 1.1. One such interesting decay is 
to 1r+1r- which violates both parity and charge conjugation symmetry. It has notbeen 
detected so far and the present upper limit on its probability is 0.0015 [3]. 

One problem, perhaps the most difficult, in the identification of these and other 
rare decays is the existence of similar decays which contain one extra gamma and are 
several orders of magnitude more probable. To discriminate against this background 
the invariant mass of the charged decay particles should match the mass of the decaying 
meson and there must not be any sign of a low energy gamma in the detector. The 
WASA is specially designed to cope with this problem. 

1.2 The WASA Detector 

A schematic layout of the WASA (Wide Angle Shower Apparatus) 411' detector is shown 
in figure 1.1. It is designed for studying decays of mesons produced in pp or pd reactions. 
The primary particles (two protons or a proton and a deutron or a helium-3) are mainly 
measured in the forward detector (accepting angle from 3 to 20°) which consist of a 
wire chamber and a package of plastic scintillators. The meson decay products are 
mainly measured in the central detector which consist of a wire chamber, a barrel of 
thin plastic scintillators and a calorimeter of Csl crystals ( counted from the interaction 
point outwards). 

The energies and emission angles of gammas are measured by the Csl seintillating 
crystals of the calorimeter. To get a good energy resolution for gammasof energies below 
100 Me V the scintillation light has to be detected by conventional photomultiplier tubes. 
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Figure 1.1: Generallayout of WASA (axial croes section), sbowing the pellet target generator, tbe 

central detector and tbe forward detector. The central detector consists of a drift cbarnber made of straw 
tubes, a barrel of thin plastic scintillators and a Csi(Na) calorimeter. The forward detector contains a 

driftcbamber, a bodoscope and plastic scintillators. A veto scintillator is installed to trigger particles 
passing through tbe forward detector. Note tbe forward window wbich actually gets a convex design so 
tbat the tube for tbe ion bearn starts just in front of the wire cbarnber of the forward detector. Tbe 

window tbickness will be about 0.3 mm steel, the tbickness of tbe beam tube will be about 1.5 mm of 
steel. 
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One could then achieve a relative energy resolution of approximately· 6% (FWHM) for 
gammas of 50 Me V and above. For lower energy gammas the resolution is worse. The 
use of photomultiplier tubes is only possible if they can be placed in a region with a low 
magnetic field (below 30x10-4 T). H this is not possible, one alternative would be to 
use photodiodes. However in this case the electronic noise will dominate the achievable 
resolution for gamma energies below 100 MeV where it will be worse than 10%. This 
makes it very difficult to measure low energy gammas. 

Charged particles are identified by signals in thin plastic scintillators and by tracks 
in the wire chamber. The latter method is necessary to reach a good energy resolution 
for identifying some of the rare decays. Especially to discriminate against electrens and 
positrons created in pair production, and gammas from the annihilation of electrens 
and positrons. 

There are two main reasons for having a magnetic field in the central part of WASA. 
The first reason is that together with a tracking device like a wire chamber it allows the 
determination of the charge and momenturn of charged particles from the curvature of 
the tracks in the magnetic field. This will be done in the central wire chamber. (An 
electron with a momenturn of 100 Me V I c transverse to the CELSIUS beam will he 
displaced by 132 mm after passing through the wire chamber at a central magnetic field 
of 1.5 T. For a 200 Me V I c electron this displacement is 48 mm and for a 500 Me V I c 
electron 18 mm. A proton with 550 Me V kinetic energy will be displaced only 8 mm 
however, and a 1000 MeV proton 5.5 mm.) The relative accuracy of the momenturn 
measurements will be a few percent (standard deviation u: Urm3 = FWHMI2.36) at a 
field strength around 1 T. At low energies (for electrens up to 150 Me V) the achievable 
resolution is limited by the multiple Coulomb scattering in the wire chamber itself and 
for higher energies by the radius of the wire chamber. 

The energies can also be measured by the Csl crystals. For electrens and positrons 
the accuracy would be similar as for gammas. For protons the resolution would he even 
better (a FWHM of a few percent) provided that no passive material is placed in front of 
the crystals, but for energies above 150 Me V nuclear interactions in the crystals would 
lead to a decrease in efficiency. The same applies to measurements of charged pions. It 
should be remembered that the possibility to measure chargeçl particles accurately is 
reduced by putting even a small amount of passive material in front of the detector. 

The second reason is the necessity to proteet the central detector against low energy 
electrens (ó electrons) knocked out from the pellet target atoms. These electrens will 
be produced at a rate of about 108 per second at the design luminosity of 1032 cm-2s-1 

and would seriously disturb the measurements of meson decay products if they would 
enter in the wire chamber or seintillater detectors. A longitudinal magnetic field of 
about 0.5 T would confine these electrens to the beam region in the central detector. 
The electrens could however disturb the measurements in the forward detector. 

Having established the necessity of a longitudinal magnetic field in WASA and the 
need for a photomultiplier readout system for the Csl calorimeter the only possibility 
would be to put a magnet coil inside the Csl calorimeter. Two alternative configurations 
were considered [4]: a solenoid and a Helmholtz coil arrangement. Both introduce a 
disturbance of the partiele measurements in the Csl calorimeter. For the Helmholtz 
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contiguration all the material is concentrated in a relatively small solid angle but the 
detection capacity in the calorimeter will be unacceptably low in this angle. For a 
solenoid the disturbance is more evenly distributed, which is also an advantage when 
making efficiency estimations and for the track reconstruction procedure. Therefore a 
suffi.ciently thin walled solenoid is the best solution (see figure 1.2). 

1.3 Requirements on a Solenoid for WASA 

Thin walled superconducting solenoids have been used in high energy physics experi
ments since the late seventies. This was made possible by the development of aluminium 
stabilized NbTi superconducting wires which drastically reduced the coil thickness in 
terros of the radiation length (Xo) in comparison with conventional pure copper stabi
lized wires. When dealing with the energy loss of electrons and gammas passing through 
matterit is convenient to measure the material thickness in units of the radiation length 
X0 • This is the distance over which the energy of an electron is reduced by a factor e 
by bremsstrahlung. It appears to he an appropriate scale length because it makes the 
description of radiation phenomena only slightly dependent upon the kind of material 
the particles traverse. The radiation length is given as [8] 

~0 ex Z(ZA+ 
1
) ln(183Z-î), (1.1) 

where Z is the atomie number and A the atomie weight of the materiaL The radiation 
length insome common materials is given in table 1.2. 

CELS~---

pellet generotor 

pellet dump 

Figure 1.2: Artistic view of the WASA superconducting solenoid (WSCS). 
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Table 1.2: The radiation length Xo in several materials !3]. 

Material z A Radiation Length 
Xo 
!cm 

H2 1 1.01 865. 
D2 1 2.01 757. 
He 2 4.00 755. 
Al 13 26.98 8.9 
Ti 22 47.88 3.56 
Fe 26 55.85 1.76 
Cu 29 63.55 1.43 
Pb 82 107.19 0.56 
Air (20°C, 1 atm.} 30420. 
Cs I 1.86 
Na I 2.59 

With a coil thickness well below 1 X0 it was worthwhile to put the coil inside the 
calorimeters in the big colliding beam experiments and thus decreasing the magnetic 
field volume and the energy consumption. Several superconducting solenoids were de
signed for such experiments. More recently a solenoid was developed at KEK, nearby 
Tokio, for a balloon based partiele astrophysics experiment looking for antimatter, BESS 
[6]. Since the appearance of the first magnets the wire fabrication technology has de
veloped from soldering to extrusion and the winding technique from winding on the 
external of the bobbin to the internal. Also a liquid helium cooling technique basedon 
external cooling pipes has been developed. With those very thin coils the material in the 
cryostat walls has become significant and reinforeed thin shells, carbon fibre reinforeed 
plastic and honeycomb constructions have been used to minimize also the cryostat wall 
thickness. 

The design ideas for the WASA solenoid are essentially the same as ( or slight de
velopments of) those used for the BESS solenoid. This applies in particular to the 
superconducting technology and to the cooling of the wire. Some of the requirements 
for the WASA solenoid are more or less automatically met by the BESS magnet design 
while some are a bit special to the use in WASA. The latter requirements are mostly 
connected to the smaller size of the magnet and to the limited space available. Also the 
BESS magnet operated without a return yoke for the magnetic flux. The following list 
ineludes the most important requirements: 

I It must be possible to have a field free region just outside the Csl crystals for 
the photomultiplier tubes and forsome componentsof the pellet target generator. 
This requires the use of a return yoke for the magnetic flux. 

11 The 6-ray discrimination and the partiele momenturn measurement in the wire 
chamber require a high magnetic field. It should be possible to reach a central 
field above 1 Tesla which may not be too inhomogeneous in the drift chamber 
region. 

111 The accurate measurements of gammas and charged particles in the Csl calorime
ter limits the allowed overall wall thickness to below 0.25 X0 (for protons it should 
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preferably be lower). 

IV A tube of 10 mm diameter for the pellet target injection has to cross the solenoid 
through its central part. 

V The service functien's supply lines and mechanica} support structures must be 
designed in such a way that the disturbance on partiele measurements and lossof 
acceptance is minimized. 

VI The geometrical thickness of the solenoid should be small in order to keep down 
the size of the expensive Csi calorimeter and to have enough space for the wire 
chamber and the plastic seintillater barrel. 

VII The disturbance on the CELSIUS beam quality by the field from the solenoid 
must be within the acceptance of the beam opties. 

VIII The solenoid must be able to work in the presence of the heat load due to radiation 
during normal operation of CELSIUS. 

In this work attention shall be payed to the demands for the support structure and the 
vacuum walls for the solenoid, as well as the items 1 and 2. 

Most of the design ideas for the solenoid are based on a conceptual design made by 
Akira Yamamoto in April1989 [7]. A listing of the updated but still preliminary design 
parameters is found in table 1.3. Figure 1.2 gives an impression of the general design, 
the cross section in the vertical plane along the cylinder axis through the solenoid is 
shown in figure 4.1. 

The solenoid will have an outer diameter of 650 mm and an overalllength of 550 mm. 
The superconducting wire is made of a NbTi matrix in capper and extruded in an 
aluminium stabilizer. Estimations done with a Monte Carlo code [5] show that the wall 
thickness should not exceed 0.25 X0 for a good performance of the calorimeter. This 
thickness would give a deterioration of the efficiency for gammas in the relevant energy 
range (below 200 MeV, at higher energies thicker Csi crystals are required) with about 
20% and would allow good measurements of electrans with energies above 100 MeV 
(u= 2%). For protons the energy resolution will be worse (u= 5%). 

The contribution to the wall thickness from the wireis 0.028 X0 per layer. Making 
four layers of windings on a 1.0 mm aluminium (= 0.0112 Xo) bobbin will give a 
thickness of 0.12 X0 • Cooling of the coil could be done with liquid helium in a cooling 
pipe at the back end of the coil. High purity aluminium strips of 0.5 mm thickness will 
conduct the heat from the coil to the cooling pipe. This would give an average total 
coil thickness of 0.13 X0 • A coil with two layers of windings on an aluminium bobbin 
would have a thickness of only 0.07 X0 • H the cryostat walls can be made of 1 mm 
thick aluminium and the radiation shields of 0.5 mm thick aluminum a total thickness 
in radiation length of 0.04 X0 can be reached for the cryostat. This will give a total 
thickness of the solenoid of 0.17 X0 for a coil with four layers of windings. The coil 
length in the forward part is 210 mm having a radius of 285 mm which gives an opening 
angle relative to the beam axis of 54°. Particles passing the solenoid under this angle 
have to pass a wall thickness of 0.20 X0 • 
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Table 1.3: Main parameters of the solenoid and the cryostat 

Solenoid 
Inner Diameter 
Inner Coil Diameter 
Outer Diameter 
Total wall thickness 
Coil Length 
Length of one Half Coil 
Overall Length 
Coil Thickness 
Coil Radiation Thickness 
Coil Mass ( M) 
Number of Turns (N) 
Central Magnetic Field 
Max. Field in the Coil 
Rated Current (I) 
N x I 
Ioperational /Icritical @ 4.5 K 
Field Uniformity 

in the Vertex Detector 
Stored Energy (E) 
E / M (cold) 
Inductance (2·E / J2) 

Superconducting Wire 
Superconductor 
Stabilizer 
RRR in pure Al 
NbTi: Cu: Al 
Outer dimensions 
lcritical @ 5 T, 4.2 K (@ 2.3 T, 4.5 K) 
lcritical @ 5 T, 4.2 K 
Insulation 

Cryostat 
Inner Radius 
Outer Radius 
Thickness Radiation Shield 
Thickness Vacuum Vessel 
Radiation Thickness 
Insulation 

490mm 
559mm 
650mm 
0.17 X0 

420mm 
190mm 
550mm 
5.5mm 
0.12 X0 
15 kg 
800 (in 4 layers) 
1.5 T (1.3 T) 
2.0 T (1.8 T) 
1050 A (910 A) 
8.4-105 A turns 
92% (80 %) 

± 20% 
160 kJ ( 120 kJ) 
10.6 kJ/kg (8 kJ/kg) 
0.29 H 

Nb Ti/Cu 
pure Al 
> 1500 
1: 1: 7.3 
1.2x1.8 mm2 

1775 A (1145 A) 
3000 A/mm2 

Kevlar 

245 mm 
325 mm 
0.5 mm 
1.0 mm 
0.04 X0 
Aluminized polyester 

The pellet targets from the pellet target generator will have to cross the solenoid. The 
size of the necessary hole is determined by the pellet beam and the vacuum requirements. 
The pellet beam itself will be thin, but some space for adjusting its position has to be 
provided. Probably the most serious requirement on the hole size comes from vacuum 
pumping conductance. A gap of 40 mm without windings will be provided in the middle 
of the solenoid. In this gap there will he situated, at a vertical distance, two 20 mm 
holes for the pellet target tube. This means that the solenoid will consist of two halves 
that attract each other. At the gap an a.xial support for fixing the windings in a steady 
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positions has to be provided. 
The BESS magnet [6] is designed for operating without a return yoke. By using 

a return yoke a higher field is obtained inside the solenoid and strong forces will act 
between the coil and the yoke. This means that higher requirements have to be put on 
the strength of the mechanica! support structures for the coil. The coil can probably 
be supported in the cryostat by some glass or carbon fibre reinforeed epoxy profiles, 
situated at the ends of the coil. 

Calculations [9] showed that the disturbance caused by the solenoidal field on the 
stored ions is within the acceptance of CELSIUS and no additional beam losses are 
expected. However if one would like to run WASA experiments with polarized beams a 
compensation field will be necessary in order to preserve the polarization of the beam. 



Chapter 2 

The Magnetic Field and Forces 

The strength and the uniformity of the magnetic field is primarily determined by the 
coil and iron return yoke design. For the design of WASA some approximate values 
of the magnetic field have to be known. This is necessary for making an estimation of 
the farces acting on the coil, and for positioning and shielding of the photomultiplier 
tubes necessary for the readout of the Csl-scintillators. Furthermore these values can 
be used to estimate the efficiency of the central wire chamber and the delta electron 
discrimination. 

2.1 The Magnetic Field 

The magnetic field strength calculations performed by the program package POISCR 
[10] arebasedon solving a two dimensional Poisson equation for the vector potential of 
the defined problem. The derivation of this Poisson equation is given below. Also the 
equations the program package uses for calculating farces are given below. 

According to Panofsky and Phillips [11] the magnetic flux density B in a region 
with stationary volume currents j is given by the law of Biot and Savart as the volume 
integral 

(2.1) 

where r is directed from the location of j towards the point where B is being determined. 
The closed line integral over the magnet ie flux density equals the encircled current J, 

f B · dl = J.LoJ. (2.2) 

When integrating over an infinitesimal surface this equation can be reduced, by using 
Stokes' theorem, to 

V x B = P.o.Ï (2.3) 

where B may he written in a vector potential farm 

B =V x A. (2.4) 

17 
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For the cylinder symmetrie WASA setup the current density j has a tangential cp
component only. Because Brp = 0 the vector potential A may be chosen in such a 
way that only its tangential component not equals zero. This gives Br = - a:z'f and 

B 1~ H z = r ar • ence 

JLO.Ï - V x V x A 
- - V 2 A - V (V · A) 

-V2A (2.5) 

for 8
8
A: = 0. This gives the two dimensional Poisson equation in cylindrical coordinates 

(2.6) 

from which the vector potential and hence the magnetic flux density can be solved. 

The vector potential can be used to calculate the electromagnetic forces on the coil 
and on the return yoke. The coil is a region with a current density and as such the force 
can be calculated from the Lorentz force 

F1 = qv x B (2.7) 

or from Ampères interaction law 

F _ JLo J J i i dh x ( dl1 x rn) 
2-- 1 2 3 

471" 1 2 r 12 

(2.8) 

of the force between two currents J 1 and J 2 on a distance r12 • According to Panofsky 
and Phillips [11] the magnetic volume force can be derived from these equations as 

(2.9) 

where H stands for the magnetizing field strength, and F 11 for the force per unit of 
volume. The force per unit of length F 1 is found by integrating over the surface S 
perpendicular on j and by using Stokes' theorem this can be rewritten as 

F, - j x fsB·dS 

- j x Is V x A ·dS 

jxfcA·dl (2.10) 

if the H 2 term is neglected. 
A force acting on a given volume is transmitted through the boundary of that vol

ume [11]. The transmitted force can be expressed in a stress tensor T, which does not 
depend on the presence of matter in the volume. Such a stress tensor can be used to 
calculate the force on a region without a current density like the return yoke. Using the 



2.2. THE DETECTOR SETUP 19 

conventional summation rules the a component of the transmitted force Fa through the 
surface S is given by 

dFa = TapdSp, (2.11) 

where the stress tensor T can he derived from equation (2.9) as 

éap 
Tap= HaBp- TH..,B..,. (2.12) 

This gives a relation for the total force on a volume as a function of the magnetic field 
on the surface boundary. 

2.2 The Detector Setup 

The POISCR package [10] uses the description given above (see equation (2.6)) to 
calculate the vector potential of a two dimensional setup. The package uses subsequently 
the equations (2.10) and (2.12) to calculate the forces on specified regions. For the design 
of the cylinder symmetrie calorimeter two detector setups are considered. 

In the first setup the photomultiplier tubes are placed inside an iron return yoke, 
50 mm thick, placed at 860 mm from the centre of the detector. This return yoke (see 
table 2.1) has an opening angle of 10° in the backward direction, and 23° in the forward 
direction. The larger opening angle in the forward direction is necessary for the forward 
detector which has an opening angle of 20°. The photomultiplier tubes are shielded by 
10 mm thick L-shaped iron profiles for mounting the Csl crystals. The distance between 

~----------------------------~1~ 
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0.25 

-1 

Z (m) 

Figure 2.1: Plot of the magnetic field lines in the backward quadrant, for the setup where the phot~ 

multipliers are positioned inside the iron return yoke, in between the L-profiles. The z-axis is equivalent 

to the beam line of CELSIUS. 
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Table 2.1: Main parameters of the iron return yoke if the photomultiplier tubes are placed inside the 

yoke. For the setup where the photomultiplier tubes were placed outside the yoke the yoke's inner radius 

was 660 mm and its length 500 mm. 

Inner radius 'vertical' part 
Thickness 
Length 'vertical' part 
Angle between 'vertical' and 'horizontal' part 
Opening angle between beam line and 'horizontal' part 
- for the backward part 
- for the forward part 

0.860 m 
0.050 m 
0.625 m 

160.0 

10.0 

23.0 

the profiles in tangential direction is assumed to he as wide as the width of the profiles, 
giving a fill factor of 50%. In the fastening piece for the crystals an opening is assumed, 
covering 64% of the plane, giving a fill factor of 18%. This fill factor is necessary for 
the computer code making the calculations, because it only accepts a two dimensional 
setup. Several calculations are made without the L-profiles, a setup which is called the 
'plain' yoke. 

In the second setup the photomultiplier tubes are placed outside the return yoke, 
connected to the Csi crystals by light guides. The iron return yoke is again 50 mm 
thick, but now placed at only 660 mm from the centre of the detector. No mounting 
profiles for the photomultipliers or the crystals are assumed in this setup. The forward 
and backward opening angles are, like in the previous case, 10 and 23° respectively. 

In both cases the coil is placed at a radius of 275 mm having a length of 440 mm 
and a width of 5 mm. A gap of 40 mm for the injection line from the pellet generator 
is kept free in the centre of the coil. 

2.3 Influence of Different Setup Conditions 

To solve the Poisson equation in the setup the computer package constructs a triangle 
mesh of points in the problem region. This way a discrete problem is received and 
the package tries to solve the equations on this discretemeshof points. When this, so 
called, logica! mesh does not have a good overlap with the defined physical regions the 
fringe areas are not well defined, giving an ill conditioned problem. The field solution 
in these fringe areas then has a bad resolution. Using a mesh with greater distances 
between the mesh points in a fringe area gives a higher value of the flux density if the 
logical mesh does not have a good overlap with the physical setup. 

The field calculations are made in one quadrant at a time. For doing the calculations 
on the setup with L-profiles in two quadrants simultaneously the input for the computer 
code has to consist of about 64 defined regions. This appears to make the problem ill 
conditioned. A calculation performed on a half detector setup containing a forward 
and a backward quadrant yielded field values being two to ten times higher as the ones 
calculated in a setup containing only one quadrant, while the relative differences of the 
field values as calculated in the forward and backward quadrant separately are less than 
ten per cent in comparable positions. For the calculations with a plain yoke a logical 
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mesh is chosen which has a good overlap with the physical defined region of the coil 
and the yoke. For the setup with L-profiles the overlap is worse. 

For the relation between the magnetic flux density and the field strength in iron two 
different tables are tested. First a tableas given in the manual of the POISCR package 
[10] and secondly a table for iron with O.OS% carbon, called SA iron [9]. The difference 
in flux density in the region surrounded by the yoke is below 0.1%, but for the region 
outside the yoke the flux density is around 16% higher when using the SA iron with 
carbon. When using this iron for the L-profiles, the flux density in the shielded regions 
for the photomultiplier tubes has a same increase in the flux density. The flux density 
values given in table 2.2 and on all other places in this report are as calculated with 
the table from the program manual. No exact data over the iron to be used for the 
return yoke are yet available, but the percentage of carbon in the iron should be as low 
as possible. 

Iron will saturate at a flux density of 2 T. Calculating the magnetic flux passing 
through the return yoke at a central field strength of l.S T gives a minimal iron thickness 
of SO mm in the yoke's central part. This value does not take into account any holes 
for the photomultipliers. With holes of 50 mm diameter a yoke thickness of 100 mm 
should be enough. Doubling the yoke thickness gives no significant change in the flux 
density in the region surrounded by the yoke but yields a halving of the flux density 
outside the yoke. 

Given that the package is able to calculate a good overlay between the logkal mesh 
and the physical setup, a reasonable guess is that the relative errors in the calculated 
field values are within ten per cent. 

2.4 The Field Calculations 

The flux density table 2.2 presents the calculations done in the backward quadrant, 
with an opening angle of 10° for the return yoke. Adding lamellas and L-profiles in 
the set up lowers the flux density in several shielded regions to values below 50 x 10-4 T, 
values which hold also in the forward quadrant of the detector. However the pho
tomultipliers positioned ciosest to the beam region will have to stand field strengths 
above 100x10-4 T. The photomultiplier tubescan be shielded for field strengths up to 
30-40x 10-4 T using a few millimetres thick mu-metal shield. For the forward quadrant 
the flux density is up to 10% higher at the photomultiplier positions closests to the beam 
line (PM-Tube 9 in the forward quadrant and PM-Tube 11 in the backward quadrant). 

On the outer si de of the iron return yoke the flux density is below 40 x 10-4 T for 
both cases with and without L-profiles. However the necessary use of long light guides 
when the photomultiplier tubes are positioned outside the iron yoke will worsen the 
energy resolution with about 25% at gamma energies around 1 Me V [12] in comparison 
with the case when the photomultiplier tubes are put directly on the crystals. The 
difference is statistica}, due to losses of scintillation photons, and at gamma energies 
above 50 Me V the difference should he negligible. 

Using more iron for the return yoke and the L-profiles makes it possible to achieve 
a lower flux density in the regions for the photomultiplier tubes. However this makes 
the detector extremely heavy and more costly. This is one of the reasons to design a 
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Table 2.2: Flux density table over the backward quadrant. The flux density is calculated for a setup 

with the photomultipliers inside the return yoke. The table 'plain yoke' gives the values as calculated 

for a setup without iron L-profiles for the conneetion of the Csl crystals and the photomultiplier tubes. 

The last column gives the values as calculated with these L-profiles in position. The current in the coil 

is for those cases adjusted to gain the same value of the magnetic field in the centre of the detector. The 

z-positions are along the beam axis, the r-position perpendicular to the beam axis (radial direction). In 

the coil a gap of 40 mm radius is assumed for the pellet target injection line. The various positions of 

the central driftchamber and the photomultiplier tubes are given. The given positions of the flux density 

values are chosen arbitrary, so the real flux density varies around the tabled values. 

Region Position Plain Yoke Yoke with L-profiles 
I= 1050 A I= 1030 A 

r z B B 
!m] !m] 10-4 !T] 10-4 !T] 

central 0. 0. 15000. 15000. 
drift chamber 0 . -.1 14100. 14100. 

. 2 0. 16200. 16200. 

.2 -.1 16900. 16800. 
PM-Tube 1 .7 0. 320. 4.3 

. 8 0. 110 . 3.3 
PM-Tube 2 .7 -.1 380. 6.7 

.8 -.1 200. 4.3 
PM-Tube 3 .65 -.15 570. 42. 

.8 -.2 320. 3.9 
PM-Tube 4 . 65 -.25 640. 63 . 

.8 -.3 380. 4.0 
PM-Tube 5 . 65 -.35 640 . 60. 

. 8 -.45 330 . 3.7 
PM-Tube 6 .6 -.5 670. 73. 

.6 -.55 620. 43. 

.8 -.6 180. 2.4 
PM-Tube 7 .55 -.6 710. 36. -

.7 -.65 370. 2.1 
PM-Tube 8 . 45 -.6 990 . 260. 

.5 -.65 790. 18. 

. 55 -.7 660 . 3.8 
PM-Tube 9 . 35 -.65 1160. 400 . 

. 4 -.65 1040. 130 . 

. 4 -.7 960 . 23. 

.45 -.75 830. 5.3 
PM-Tube 10 . 3 -.7 1140. 100 . 

. 35 -.75 980 . 10. 
PM-Tube 11 .2 -.7 1280. 32. 

. 25 -.75 1090. 40 . 

. 25 -.8 1000. 18 . 
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setup of the central detector in which the photomultiplier tubes for the calorimeter are 
positioned outside the return yoke. The mass of this return yoke will be around 20 ton, 
the Csl of the calorimeter will have a mass of about 3 ton. 

Using a plain yoke, with a radius of 860 mm and without L-profiles, the flux density 
in a coil with four layers of wire windings is examined. This is done for three different 
currents of 910 A, 1050 A and 1400 A giving a flux density in the centre of the detector 
of 1.3, 1.5 and 2.0 T respectively. For the 910 A case the flux density in the coil varies 
between 0.5 and 1.8 T. For the 1050 A case this is between 0.5 and 2.0 T, and the 1400 A 
case yields flux density values between 0.7 and 2.7 T. The highest flux densities are 
reached at the end of the coil (r = 0.275 m, z = ±0.21 m). At an operating temperature 
of 4.5 K a current of 1050 A equals 92% of the critica! current (see tabel 1.3). With a 
safety criterion of 80% a central field strength of 1.3 T can be reached at a current of 
910 A. Hence using a coil with two layers of windings a central field of 0.65 T can be 
reached with a current safety criterion of 80% at 4.5 K. 

In the case where the photomultipliers are placed outside the return yoke the central 
field reaches 1.5 T at a solenoid current of 1035 A. The magnetic field in the coil varies 
then between 0.5 and 2.0 T, which equals the values of the other setup. 

A plot of the magnetic field uniformity in the drift chamber region is shown in 
figure 2.2. This plot presents the flux density as a function of the position along the 
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Figure 2.2: Variation of the magnetic flux density in the central detector. The values given are for 

the backward quadrant of the setup with a plain yoke (radius 860 mm) a central field of 1.5 T and a 

gap in the solenoid .of 40 mm diameter for the pellet target injection line. The plots are made over four 

lines parallel to the beam axis at a radius of 0, 100, 150 and 200 mm, for a return yoke with a radius of 

860 mm. The drift chamber will he positioned between z = -0.14 and 0.14 m. 
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Table 2.3: The calculated forces on the half coil in the backward quadrant. The sign of the forces gives 

their direction as compared to the positive direction of the different axes. Radial forces are directed along 

the r-axis, longitudinal forces along the z-axis. 

pre ss ure forces on one wire 
z-position radial longitudinal radial longitudinal 

[m] 106 [Pa] 106 [Pa] 103 [~] 1Q3[~] 

0.01 1.58 2.27 2.84 2.73 
0.11 1.52 -0.485 2.72 -0.582 
0.21 1.26 -4.02 2.25 -4.83 

stress force on the coil 
tangential longitudinal radial longitudinal 

106 [Pa] 106 [Pa] 1Q3[N] 103 [N] 

tot al 87.7 7.01 483. -223. 

beam line, in the backward quadrant. The plots are made at a radial distances of 0, 
100, 150 and 200 mm from the beam line. The drift chamber will get a length of about 
280 mm along the beam line. In the backward quadrant the chamber will be positioned 
from z = 0 to z = -140 mm, where the flux density will vary with 15% around the 
central value of 1.5 T. The set up used for these plots is without the lamellas and 1-
profiles. However the lamellas and L-profiles do not have a significant influence on the 
uniformity of the flux density in the drift chamber region. 

2.5 The Force Calculations 

The force calculations are performed in the backward quadrant on one half coil ( ta
bie 2.3) and on the return yoke (table 2.4). A plain yoke without L-profiles positioned 
at a radius of 860 mm is used for these calculations. Gravitational forces are not taken 
into account. For the yoke in the backward quadrant the forces are calculated on the 
'horizontal' part, defined to be parallel with the beam line (see figure 2.3), and the 
'vertical' part. Where the 'vertical' part refers to the part which stands nearly per
pendicular on the beam line (z < -620 mm). The accuracy ofthe calculated forces is 
dependent upon the accuracy of the iterated magnetic field values. Having an accuracy 
of the magnetic field values better than ten per cent the same will hold for the accuracy 
of the calculated forces. 

Assuming a coil completely made of aluminium the stress and strain in the coil are 
calculated as for a cylinder under internal pressure (see section 4.1 and figure 2.4). 
The expansion of the coil in radial direction due to the maximum pressure (1.58 MPa, 
table 2.3) tabulatedis 0.35 mm (= 0.13% of the coil radius). The stress CTcomp of one 
component in a composite material can be calculated from the total stress 

( 
L.· E-) 

CTtotal = CTcomp • 1 + -E' 
1 

comp 

where Ei Ei is the sum over the elasticity moduli (table 2.5) of the other materials in 
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Table 2.4: The forces on the yoke as calculated in the backward quadrant. The sign of the forces gives 

their direction as compared to the positive direction of the different axes. Radial forces are directed along 

the r-axis, longitudinal forces along the z-axis. 

'Horizontal' Part 111 'Vertical' Part 

pre ss ure preesure 
z-position radial longitudinal z-position radial longitudinal 

[m] 103 [Pa] 103 [Pa] [m] 103 [Pa] 103 [Pa] 

0.00 -823.x10-u -0.0276 0.197 0.895 4.20 
0.30 -0.437 1.68 0.455 4.03 3.03 
0.62 -0.0387 -5.35 0.855 8.34 57.8 

force force 
radial longitudinal radial longitudinal 
1Q3[N] 103 [N] 103 [N] 1Q3[N] 

tot al -0.871 35.8 22.5 9.83 

stress 
tangential longitudinal 

103 [Pa] 1Q3[Pa] 

maximal 7.52 -0.0289 

er:: 

-1 1 

Z (m) 

Figure 2.3: View of a half setup of WASA, containing a plain yoke with the forward (at the right) and 

the backward quadrant. The z-axis is equivalent to the beam line of CELSIUS. 
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the composite (i =I= comp). The wireis made of NbTi/Cu extruded in an Al-stabilizer. 
The copper will take a high stress load because of its relative high modulus of elasticity 
( table 2.5). For a tot al stress of 170 MP a the stress in the copper reaches the yield 
strength border. From the radial and axial pressure the stresses in the coil are calculated 
(see picture 2.4). The maximum total stress in tangential direction is 98.5 MP a and in 
axial direction -67.5 MPa. Fora tangential stress of 100 MPa the stress in the copper is 
29 MPa (= 58% xu0.2). In the aluminium the stress is then be 17 MPa, in the niobium 
25 MPa and 29 MPa in the titanium. 

The presence of the slightly asymmetrie return yoke gives rise to asymmetrie forces 
on the coil, especially for the longitudinal forces directed along the beam line (see 
table 2.6). The layout of the return yoke gives different changes in forces when the 
coil is moved along the beam line (z-direction, figure 2.3) or perpendicular to the beam 
line (r-direction). In the first case the coil drifts along the field line direction, and in 
the second case perpendicular on the field linea. When drifting along the field lines the 
magnetic flux contained by the inner bore of the coil varies less than when the coil drifts 
perpendicular on the field lines. Because the force on the coil is dependent on the flux 
density a shift perpendicular on the field lines will cause a greater change in the forces 
on the coil. Calculations are performed on a half setup of WASA, containing a forward 
and backward quadrant with a plain yoke, for a magnetic field inside the coil which 
is directed parallel to the beam direction. All shifts are calculated and averaged over 
several steps of 5 or 10 mm, in which the changes in the forces appeare to be almost 
linear. 

When shifting along the beam line direction the total longitudinal force on the coil 
changes with 300 N /cm ( table 2. 7). The force increases when the coil shifts in the 

'i 100 

~ 

i 
80 

-e 1500 
Ui e 

1250 .SI 
!. 

Ui 
60 

c 1000 

~ 
750 

40 
500 

20 0 radialstress 250 0 radial axpansion 

0 0 

-20 • longiludinal stress 
-250 • longiludinal contraction 

-500 
-40 

-750 

.6() 

-1000 

-80 
-1250 

-100 ...................... ....&..... .......... _._j"........, ........... .J......~......J.... ....... ........J -1500 ..................... .....L... .......... ........J'-'-' ........ .....L... ......... ---.J ........ _._...J 

0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25 

Z- position (mm) Z - posilion (mm) 

Figure 2.4: Radial and axial stresses in the coil and the resulting deformation of the coil surface. The 

deformation (strain) is calculated for a whole aluminium coiL 
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Table 2.5: Some constants for the materials used in the the wire, the support bobbin and the return 

yoke. 

Material Elasticity Poisson's Ratio Yield Strength 
E V 0'0.2 

[MPa] [MPa] 

aluminium1 69.0 0.30 60. 
copper2 118.0 0.33 50. 
niobium3 104.9 0.40 240. 
titanium4 120.0 0.36 140. 

iron5 206. 0.3 220. 

1 Broberg et al., Formelsamling i H!llfasthetslära, K.T.H. Stockholm, 1976. Aluminium alloy (ISO) 
Al-Si1MgMn, USA 6082, SS 4212. 0'0 .2 = 250 MPa after heat treatment. 
2 See Broberg, copper quality SS 5011. 
3 According to Goodfellow Co., Cambridge, E and v for polycrystalline, and 0'0 .2 for soft material. 
4 According to Goodfellow Co., Cambridge, E and v for polycrystalline, and O'o.2 for soft material. 
5 See Broberg, iron quality SS 1311-00. 

Table 2.6: Forces on the coil as calculated in a the forward and backward quadrant simultaneously. 

The coil is in centred position regarcled to the centre of the detector setup. The sign of the forces gives 

their direction with regard to the positive axes. The radial forces are directed along the r-axis and the 

longitudinal forces along the z-axis. 

forcesin forward part backward part 
[kN] [kN] 

radial 482.7 483.0 
longitudinal 223.5 -222.9 

Table 2. 7: Changes in the forces when the coil shifts along the beam line. A + /- sign stands for an 

increase respectively a decrease of the force when the coil shifts in positive direction along the axis. The 

radial forces are directed along the r-axis and the longitudinal forces along the z-axis. 

change of force forward part backward part 

[~] [%] I l'f-1 [%] 
radial 114. 0.02 -129. -0.03 
longitudinal -143. -0.06 -157. 0.07 
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Table 2.8: Changes in forces on the coll when it shifts perpendicular on the beam line. Calculations 

are made by decreasing and increasing the coll's or the yoke's radius. In the results of altering the coil's 

radius are the changes of forces on the coll in a set up without a return yoke subtracted. A +I- sign 

stands for an increase respectively a decrease of the force when the coil shifts in positive direction along 

the axis. The radial forces are directed along the r-axis and the longitudinal along the z-axis. 

I 11 change of the yoke's radius 
11 

change of the coll's radius I 
quadrant forward backward forward backward 
change of force [!,] [%] [!,] [%] I!. I [%] [!,] [%] 
radial 13. 0.008 6. 0.004 95. 0.02 80. 0.02 
longitudinal 13. 0.02 -13. 0.02 32. 0.04 -32. 0.04 

Table 2.9: Changes in the forces on the coil when changing its radius. The changes in forces on the 

coil in a set up without a return yoke are given in the second table. A +I- sign stands for an increase 

respectively a decrease of the force when the coil shifts in positive direction along the axis. 

I with return yoke 11 

quadrant 
change of force 
radtal 
longitudinal 

decrease of the coll's radius 
11 

forward backward 
103[!, I [%] 103 [~] [%] 

-11. -2. -11. -2. 
-12. -5. 12. -5. 

I without return yoke 11 decrease of the coll's radius 

quadrant forward backward 
change of force 103 [~] [%] 1031~!1 [%] 
radial -6.2 -0.01 -5.2 -0.01 
longitudinal -12. -0.05 12. -0.05 

increase of the coll's radius I 
forward backward 

103[~] [%] 103[,!] [%] 
10. 2. 10. 2. 
12. 5. -12. 5. 

11 increase of the coll's radius 

forward backward 
103[~] [%] 103[!,] [%] 

6.2 0.01 5.2 0.01 
12. 0.05 -12. 0.05 

Table 2.10: Changes in forces on the coll when changing the size of the yoke. A +I- sign stands for 

an increase respectively a decrease of the force when the coil shifts in positive direction along the axis. 

11 decrease of the yoke's radius 11 increase of the yoke's radius 

quadrant forward backward forward - backward 
change of force [,!] [%] [,!] [%1 [[I [%] [!!,] [%] 
radial 400. 0.08 380. 0.08 360. -0.07 -340. -0.07 
longitudinal 0. 0 60. -0.03 20. 0.009 20. -0.009 

Table 2.11: Changes in forces on the coll when the size of the gap for the pellet target injection line 

changes. A +I- sign stands for an increase respectively a decrease of the force when the size of the gap 

is changed. 

11 decrease of the gap size 11 increase of the gap size 

quadrant forward backward forward backward 
change of force 103[/f..J [%] 1Q3[!,] [%] 1Q3[~1 [%] 1Q3[~] [%] 
radial 13. 3. 13. 3. -11. -2. -11. -2. 
longitudinal 114. 51 114. -51 -44. -20 44. -20 



2.5. THE FORCE CALCULATIONS 29 

direction of the beam (towards a positive z-direction). When the coil is centred with 
respect to the yoke the net force on the coil is 600 N. By changing the design of the 
return yoke the net force on the coil can be minimized. 

The used POISCR package can only deal with two dimensional cartesian or cylinder 
symmetrie problems. Therefore this method can not be used to examine the forces when 
shifting the coil perpendicular on the beam line direction, for then the problem is no 
longer cylinder symmetrie. The forces acting on the coil are estimated by decreasing or 
increasing the radius of the iron yoke (table 2.10). The summation over the change in 
forces when increasing and decreasing the yoke's radius gives a measure of the change 
in forces on the complete coil (table 2.8). Since during a radial shift (figure 2.3) one 
part of the coil moves towards the yoke (decreasing the yoke's radius) and the other 
part moves away from the yoke (increasing the yoke's radius). Furthermore calculations 
are performed while decreasing or increasing the coil's radius (table 2.9). However a 
correction needs to be performed for the increase in the flux contained by the inner 
bore of the coil (when keeping the coil current constant). Therefore these calculations 
are repeated without having a return yoke. The net forces from these two calculations 
are subtracted to correct for the change in magnetic field caused by the decrease or 
increase of the radius of the coil. These results (table 2.8) are, like the ones obtained 
by altering the radius of the return yoke, far below the per cent level of the total radial 
force, giving a change in forcesof less than 100 Njcm in radial direction. The change 
in the longitudinal forces is even less than half of the size of the change in radial forces. 
These are asymmetrie changes in the forces on the support structure. It are those forces, 
and the gravitational force on the solenoid, that the solenoids support structure should 
bear. 

These calculations also give an idea of the symmetrie change in forces ( and demands 
upon the mechanica! support structure) on the coil when the design of the yoke is 
altered. However the change in radial forces is on or below the per cent level of a total 
radial force of 480 kN. A slightly different design of the return yoke will thus not increase 
the demands upon the coils support structure. The stress in the superconducting wire 
stays well below the yield strength. The radial expansion of the coil (figure 2.4) is below 
2 mStr, or 1 mm at a diameter of 570 mm. 

For the passage of the pellet target beam pipe a support will be positioned at the 
middle of the coil splitting the coil in two halves. The gap (for the pellet target injection 
line) in the centre of the coil influences the field strength in the driftchamber region. A 
larger gap will yield a lower central magnetic field. The gap size is changed in steps of 
5 mm, after which the forces on the coil are calculated (table 2.11). The forces increase 
approximately linearly by 50% at a decrease of 10 mm on the gap dimension of 40 mm. 
The attractive forces between the two half coils of 450 kN will give a stress of 46 MPa 
(77% xu0.2) in an aluminium spaeer ring structure of 5.5 mm thickness, campressing it 
by less than 660 ~Str ( ~z = 660x 10-6

). 



Chapter 3 

Delta Electrans 

One of the main purposes of the solenoid is preventing delta electrons from entering 
the central detector. Some estimations are made on the behaviour of delta electrons 
produced in a hydrogen pellet target (30 p,m diameter) by a proton beam with energies 
between 500 and 1850 Me V. The pathof the electrons through a 1.5 T central magnetic 
field is calculated up to the 0.3 mm thick forward steel window and the beginning of the 
1.5 mm thick steel tube for the beam (see figure 1.1). The energy lossof the electronsin 
the window and the beam tube is calculated using a Monte Carlo code. These results are 
combined to make an estimation of the rate and energy of the delta electrons entering 
the forward detector. 

3.1 Delta Electron Production 

A charged partiele passing through matter transfers energy to atoms by various pro
cesses. 

When the distance of the ciosest approach between the passing partiele and an atom 
is large compared to the dimensions of the atom the passing partiele will interact with 
the atom as a whole. The variabie electromagnetic field set up by the passing partiele 
may excite or ionize the atom. 

lf the distance of the ciosest approach is smaller than the atomie radius the deflection 
of the passing partiele in the field of the nucleus becomes important. The main mech
anism for energy loss of passing protons and other heavy particles is elastie scattering. 
For electrons the main mechanism is emission of bremsstrahlung. 

When the distance of the ciosest approach lies in the order of the atomie dimensions 
the interaction between the passing partiele and the atomie electrons will become the 
most important. The atomie electrons can be knocked out of the atom, and are then 
called delta, knock on or secondary electrons. If the energy acquired by the electron is 
large compared to the ionization energy (13.6 eV in hydrogen) the interaction may be 
treated solely as an interaction between the passing partiele and a free electron. 

The conservation law of energy for the collision between an incident partiele with 
mass m, momenturn p, kinetie energy Tand a free electron in rest with mass me gives, 
in units c = 1, 

(3.1) 
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with p" the incoming particles momenturn after the collision and p' and T' the electrons 
momenturn and kinetic energy after the collision. From conservation of momenturn we 

get 
(3.2) 

In which (} is the angle between the initial direction of motion of the incoming partiele 
and the direction of the outgoing electron. Combining these two equations gives 

T' = 2mep
2
(cos 8)

2 
. 

[me+ Jp2 + m2]2- p2(cos fJ)2 
(3.3) 

The kinetic energy of the electron has a maximum in the knock on process for fJ equal 

to zero of 
(3.4) 

According to Rossi [8] the probability distribution for getting a number of N delta 
electrons with a kinetic energy T' in an interval dT' from a material with thickness dx 
in c!'l, charge Z and mass number A is given by 

(3.5) 

for I ~ T ~ Tmaz, where I equals the atom's ionization energy. NA is Avogadro's 
number and re = ~ the classica! radius of the electron. z and {3 are respectively the 

m. 
charge and speed of the incoming particle. The factor F is spin dependent and for spin 
Î particles like protons with mass m given by Rossi as 

F(T') = 1- {32~ + ~ ( T' )2 
Tmaz 2 T+m 

(3.6) 

where {3, like in equation 3.5, expresses the velocity of the incoming particle. 
The probability distribution between the energies T6 and r:naz is obtained by inte

grating equation 3.5: 

which gives the number of knocked out electrons with energies between Tó to r:naz for 
a charged spin ~ partiele traversing a material thickness of dx in c!'l. 
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Because the kinetic energy T' of the delta electrans is related directly to the emission 
angle 8, equation 3.7 also gives the probability distribution for delta electrans between 
an angle 8 and zero degrees. Figure 3.1 shows the energy and production rate of delta 
electrans as function of the emission angle for a proton beam crossing a hydrogen target. 
Table 3.4 gives the maximum kinetic energy r:n.az for several energies of the incoming 
proton beam. 

3.2 Luminosity with the Pellet Target 

If the target is completely covered by the beam the luminosity L of the interaction 
between the beam and the target is defined as 

L = I . NbNt . St 
St Sb 

(3.8) 

where I stands for the beam particles circulation frequency and Nb for the number 
of stored partiele in the beam with a cross section Sb. Nt is the number of particles 
in the target with a cross section St. If the target is not completely covered by the 
beam the ratio ~ should be replaced by the factor 1. The luminosity gives the overlap 
between the partiele distribution of the beam and the target in particles per second 
per square metre. For calculating the amount of delta electrans it is necessary to know 
the dimensions and partiele distribution of the beam and the target and the overlap 
between them. Then the amount of beam particles and the distance over which they 
travel through the target can be calculated. By using equation 3. 7 the amount of delta 
electrans with energies between T~ and T:naz can he calculated, assuming that no beam 
particles or delta electrans are absorbed in the target. 

10'12~ 

lntegrated Rate , 

3 lntegrated Rate, 10•8 

2 10'6 

'Rate/Deg 
10•4 

0 10•2 
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Emiuion Angle (deg) Emission Angle (deg) 

500 Me V Cooled Beam 1150 MeV Uncooled Beam 

Figure 3.1: Energy and rate of delta electrons produced by a cooled and an uncooled proton beam on 

a 30 J.Lm hydrogen pellet target. The beam and target parameters are according to table 3.2. There is 

always exactly one pellet crossing the beam. 
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Table 3.1: Parameters of hydrogen pellet targets. Nt stands for the number of atoms in one pellet. 

z 
r 
p 

1. 
lS.xlo- 4 cm 
0.0708 gcm - 3 

1.01 
7.lxlo-6 cm2 

l.Oxlo-9 g 

5.97x1014 

At the interaction region with the pellet targets the cross section of the CELSIUS 
beam is approximated to be circular. The beam radius is defined as 2u, with u the 
r.m.s. deviation of the radial distribution of the beam particles. Assuming that the 
target pellets are spherical with a radius r, the ratio between the projection area of the 

target pellets and the beam area is (;er) 2 • In the case of a uniform partiele distribution 
over the beam surface the partiele rate at a pellet target equals the product of the 
partiele rate and the ratio of the projection area of the beam and the target. For a 
starage ring the partiele rate Rb on an internal target can be calculated as 

N.e ( r )2 Rb= Re-· -
JJ lc 20' ' 

(3.9) 

where {3 is the speed of the stored particles, N,t the number of stored particles and 
lc the circumference of the starage ring. Having a Gaussian partiele distribution the 
partiele rate on the target will be higher, if the beam is centred on the target. The rate 
(and the luminosity) will increase with the ratio of the Gaussian shaped probability 
density surface of the beam particles covered by a target pellet crossing the beam, and 
the surface covered by a pellet crossing a beam with a uniform partiele distribution, 
Aaaurrjao 

Auniform. • 

For a beam with a circular cross section the surface of the path of a pellet crossing 
the centre of the beam equals 

Spath = ~( 4u)
2 

(2 arcsin (:u) +sin ( 2 arcsin :u)] (3.10) 

with a beam surface Sbeam = 47ru2 this gives a ratio of 

Auni/orm = ~ [2 arcsin (:u) +sin ( 2 arcsin 4~)]. (3.11) 

For a Gaussian beam the probability distribution equals 

1 (-x2
) f(x) = . rn= exp - 2 uy27r 2u 

(3.12) 

with 
/_: f(x) = 1. 

The probability density surface covered by the pellet equals 

Acauuian = J:r f(x)dx = 2 lor f(x)dx 

_ . ~ r exp (--=:) dx. 
uy27r Jo 2u 
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Table 3.2: Parameters of the CELSIUS proton beam [1]. The values for an uncooled beam and amounts 

of stored particles are from the test run in January 1991. The values fora cooled beam are estimated. u 

is the r.m.s. deviation of the radial distribution of the beam particles, with the beam radius defined as 

2u. ~ is the relative momenturn distribution of the beam particles. 

beam circumference 

cooled beam 
uncooled beam 

cooled beam 
from the cyclotron 

number of stored protons, Nb 

number of protons hitting a pellet target per second, Rb 
@ 500 MeV {cooled beam) 
@ 1150 MeV (uncooled beam) 
@ 1850 MeV (uncooled beam) 

luminosity with the pellet targets, L 
@ 500 MeV {cooled bearn) 
0 1150 MeV (uncooled beam) 
@ 1850 MeV (uncooled beam) 

Substituting y = \Áu gives 

80. m 

0.091 
0.910 

l.x1o
l.x10-3 

2.0x10 

4.8x 1012 

5.7x 1010 

6.0x1010 

4.1x 1032 

4.8x 1030 

5.1x1030 

cm 
cm 

protons 

Hz 
Hz 
Hz 

cm-2s 1 

cm- 2s- 1 

crn-2s- 1 

Aaauuian u~ fo* exp ( -y
2

) Jïudy 

- ~ fo* exp ( -y
2
)dy 

- erf (~u), (3.13) 

with erf defined as the error function. The quotient ~as~u;gn gives the effective increase 
•n•/orm 

in the partiele rate for a Gaussian beam relative to an uniform distributed partiele 
density of the beam. 

For an incoming proton beam with p:::; m the relative uncertainty ~ in the energy 
from equation 3.3 and equation 3.4 lies for both equations around 2 times the relative 
uncertainty of the proton beam's momenturn ~' assuming that the uncertainty in the 
angle fJ is negligible compared to the uncertainty in the beam momentum. At an energy 
Tó of about ~T:naz the relative error in the probability distribution of delta electrons 
given by equation 3.7 will vary with around 11 times the relative uncertainty of the 
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incoming proton's momentum. Variatiens in the target thickness and the beam rate 
will give additional variations in the expected amount of delta electrons. The number 
and the momenturn of the protons in the CELSIUS beam can he determined within a 
few per cent. However the number of stored protons can vary with several ten per cents 
duringa run of several hours [9]. 

The pellet target is assumed to be a round sphere. The quotient of its volume 
and projection area give a mean thickness of ~r, or with ~ = 1.4 x 10-4 gcm - 2 ( ta-

ble 3.1). The ratio ~0'~"Ï'" becomes with Auni/orm. = 0.0105 and Aaauuian = 0.0132 
•n•fo'm 

approximately 1.25, and the total rate of protons at the pellet target 4.8 x 1012 Hz for a 
cooled beam at 500 MeV. The luminosity with a hydragen pellet target then becomes 
4.1 x 1032 cm - 2s-1• In all cases the assumption is made that there is continuously exactly 
one pellet target crossing the centre of the proton beam. This condition will he fulfilled 
by adjusting the frequency of the pellets coming from the pellet generator. 

3.3 Energy and Rate of Delta Electrans 

The energy of the delta electrans is related to the angle with the beam according to 
equation 3.3. The number of electrans as a function of the angle relative to the beam 
axis is calculated from equation 3.7 by expressing T~ as a function of the angle 8. The 
equation is then integrated over 8 (see figure 3.1). The electran's path through the 
magnetic field is calculated with a Runge-Kutta method [13] up to the beginning of 
the beam pipe or the forward steel window. The magnetic field values for the Runga-
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Figure 3.2: The largest radius, relative to the beam axis, of the pathof the delta electrons calculated 

by a Runga-Kutta metbod through a magnetic field as calculated by the POISCR package in the forward 

quadrant. The radius is given at Z = 650 mm (inside the central detector), Z = 1050 mm (the begining 

of the steel tube for the beam and the forward window) and Z = 1335 mm (the front end of the forward 

range hodoscope). Z = 0 is defined as the position where the beam hits the pellet targets. 



3.3. ENERGY AND RATE OF DELTA ELECTRONS 37 

Kutta method are calculated with the POISCR package. The fringe field outside the 
iron return yoke is 0.15 T at Z = 650 mm, R = 0, and 0.025 T at Z = 1000 mm (see 
figure 3.3). 

With a Monte Carlo code based on the GEANT package [14] the energy loss of 
electrons in steel is calculated. Furthermore the penetration probability of electrons 
through a 0.03 and 0.15 cm steel window is calculated (see table 3.3). Electrons and 
produced gamma.s with energies below 0.2 and 0.02 Me V respectively are cut away 
during the calculations. From previous calculations an accuracy better than 10% is 
expected [15]. The delta electrons, having energies up to 10 Me V, enterthesteel of the 
beam tube under angles of below 10° while they enter the forward steel window under 

E 

0 0.5 1 .5 2 

Z (m) 
Figure 3.3: Plot of the magnetic field lines in the forward quadrant. Note that the field lines are plotted 

on logarithmic distances! So the density of the plotted field lines is not proportional to the flux density. 
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Table 3.3: Energy of electrons emerging from the forward steel window. Energy and rates of electrons 

crossing a 0.03 cm steel window under an entrance angle of 90°. And energies and rates of gammas 

produced in the window by the passing electrons. The energy and amount of emerging electrons and 

gammas are given in per cents of the incoming electrons' energy and amount. 

lnitial Electron Energy Tó [Me V] 1 1.5 2.25 4 8 

Emerging Electrons 
Mean Energy fr [%] 50 65 79 90 95 

0 

Amount [%] 14 54 83 98 100 
Energy x Amount [%] 7 35 66 88 95 

Emerging Gammas 
Mean Energy f: [%] 16 13 14 12 11 

0 

Amount [%] 4.6 8.8 9.8 9.1 11 
Energy x Amount [%] 0.74 1.1 1.4 1.1 1.2 

Total Penetrating Energy [%] 7.7 36 67 89 96 

Table 3.4: The maximum energy of emitted delta electrons. 

beam energy maximum electron energy field strength 
tot al transverse for path dia.=36mm 

[Me V] [Me V] [Me V] [T] 
500. 1.38 0.39 0.14 
1150. 4.03 0.84 0.23 
1850. 7.98 1.28 0.32 

angles of around 90°. Most of the delta electrens emitted have an energy below 0.5 Me V, 
see figure 3.1. Electrens with an energy below 0.2 Me V and gammas with energies below 
0.02 Me V are expected to he absorbed in the materiaL In the Monte Carlo code a limit 
is set for these energies making that the program assumed that electrens and ganunas 
with lower energies always are absorbed. 

The data are finally combined with the produced amount of electrens at each energy 
to estimate the energies and the amount of delta electrens expected toenter the forward 
detector. 

3.4 Delta Electrans in the Forward Detector 

All calculations are done for a hydrogen pellet target of 30 J.tm diameter. Absorption 
of the delta electrens in the target is neglected. Those which can he absorbed are the 
low energy electrens at a high scattering angle, but these will not enter the detector. 
The energies and amount of delta electrens penetrating the forward window are esti
mated at an incident angle of 90° degrees, actually these angles are lower giving a lower 
penetratien rate and energy for the electrons. 
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Table 3.5: Delta electrons production from a 500 MeV cooled proton beam on a pellet target, and 

the rate and energy of the electrons and gammas entering the forward detector. The beam luminosity is 
4.1x1o32 s- 1cm-2 • 

initial electrons electron's left after passing the window 
radius at electrons gammas 

energy rate emission the window energy ra te energy ra te 
[MeVJ [HzJ angle [0

] [mm] [MeVJ [Hz] [Me V] [Hz] 

0.5-1.0 1.4X 108 41-20 61-75 0.25--ü.5 2.0x107 0.08--ü.16 6.4x106 

l.Q-1.3 1.5x107 2Q-11 35-61 0.5--o.s 8.1x106 0.13--ü.17 1.3x106 

For the setup a central magnetic field of 1.5 T is assumed, and a return yoke at a 
distance of 0.85 m from the centre with a forward opening angle of 20°. The beam tube 
is assumed to start at a distance of 1050 mm from the centre having an inner diameter 
of 67 mm. The forward window has the same position. The assumption is made that 
the distance between the pellets is such that there is continuously one pellet target in 
the beam. 

For a beam energy between 500 and 1850 Me V the delta electrons emitted at angles 
around 20° have the highest transverse kinetic energy. To confine these electrons within 
a cylinder of 36 mm diameter (outside the central straw tube chamber) the required 
axial field strength is 0.3 T (table 3.4). The magnetic field of over 1 T which the solenoid 
can deliver is high enough to makesure that no delta electrons willenter the straw tubes 
of the central vertex detector. 

Using a 500 Me V cooled proton beam the magnetic field confines the electrons emit
ted at angles between 0 and 11 o and between 71 and 90° in paths entering the beam 
tube. The electrons emitted at large angles have very low energies ( <0.07 Me V) and 
are absorbed in the material of the beam tube. The electrons at small angles (1.4 -
1.3 Me V) enter the material of the beam tube under a small angle. 50 to 70% of the 
incoming electrons are reflected in a wide range of directions and finally absorbed. Only 
a few percent of the entering electrons penetrate the beam tube, but their remaining 
energies are below 200 ke V, or they radiate gammas ha ving ene~gies below 250 ke V. The 
electrons emitted at angles between 11 and 71 o hit the forward steel window. Electrons 
with an energy below 0.5 Me V are nearly all absorbed or reflected. For 1 Me V electrons 
the penetration fraction is below 14% while they lose half of their energy when passing 
the window. At 1.3 Me V halve the amount of incoming electrons pass the window while 
35% of their energy is lost. Table 3.3 is used to calculate the amount and the energies 
of emerging electrons and gammas (table 3.5). 

For an uncooled beam the beam diameter is approximately ten times bigger, thus 
the electron rate around hundred times lower because the rate goes with the square of 
the beam diameter, assuming that there is always just one pellet target crossing the 
beam. 

Using a 1150 Me V uncooled proton beam the emitted electrons in forward direction 
will have a kinetic energy of 4 Me V ( = T:naz). Of these electrons 6% penetrate the beam 
tube at first incidence, and of the reflected 50% around 25% penetrates the beam tube. 
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Table 3.6: Delta electron production from a 1150 Me V uncooled proton beam on a pellet target, and 

the rate and energy of electrons and gammas entering the forward detector. The luminosity is 3.6x 1030 

s- 1cm-2 • 

initial electron's left after passing the window 
electrons radius at electrons gammas 

energy ra te emission the window energy rate energy ra te 
[Me V] [Hz] angle [0

] [mm] [Me V] [Hz] [Me V] [Hz] 

0.5-1.0 13.x105 38-50 46-101 0.25-0.5 1.7x10S 0.08-0.16 5.9x10'' 
l.Q-1.5 4.0x105 3Q-38 94-101 0.5-1.0 2.1x105 0.13-0.20 3.5x104 

1.5-2.25 2.0x105 22-30 87-94 l.Q-1.8 1.6x 105 0.2Q-0.32 2.0x104 

2.25-3.8 12.x104 6-22 35-87 1.8-3.4 12.x104 0.32-0.46 ll.x103 

Table 3. 7: Delta electron production from a 1850 Me V uncooled proton beam on a pellet target, and 

the rate and energy of electrons and gammas entering the forward detector. The luminosity is 3.8 x 1030 

s- 1cm-2 • 

initial electron's left after passing the window 
electrons radius at electrons gammas 

energy ra te emission the window energy ra te energy ra te 
[Me V] [Hz] angle [0

] [mm] [Me V] [Hz] [Me V] [Hz] 

0.5-1.0 1.5x106 41-53 48-106 0.25-0.5 2.0x105 0.08-0.16 6.8x104 

l.û-1.5 3.6x105 35-41 55-103 0.5-1.0 2.0x105 0.13-0.20 3.2x104 

1.5-2.25 2.7x105 28-35 55-109 l.û-1.8 2.3x105 0.20-0.32 2.7x104 

2.25-4.0 1.7x 105 19-28 99-104 1.8-3.6 1.7x105 0.32-0.48 1.6x 104 

4.û-7.6 7.3xl04 4-19 35-99 3.6-7.2 7.3x104 0.48-0.84 8.1x103 

This because the refiected electrons have a wide angle distribution and are thus able 
toenter the material at a higher angle. This gives around 1000 electrons per second, 
from the ones emitted between 0 and 6°, with energies around 2 Me V. The electrons at 
energies below 0.05 MeV (~ 76°) are all absorbed in the beam tube. The amount and 
energie of the produced and emerging electrons and gammas are given in table 3.6. 

For a 1850 Me V uncooled proton beam the electrons emitted at angles between 0 
and 4°(8 Me V) and the ones emitted at angles above 74°( <0.07 Me V) enter the beam 
tube. These electrons penetrate the material of the tube at a rate of around 500 Hz 
with energiesofabout 5.5 Me V and around 250Hz at 4 Me V. The delta electrons below 
0.07 MeV are all absorbed in the beam tube (see table 3.7). 
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The Vacuum Vessel 

The superconducting solenoid for the WASA detector is designed to operate at liquid 
helium temperature. Therefore the coil will be placed in a cylindrical cryostat which 
consists of a vacuum vessel and a radiation shield situated between the coil and the 
vacuum vessel (see figure 4.1). Thin multilayer isolation will he used between the radi
ation shield and the vacuum vessel. A radiation shield and isolation will be positioned 
on both the inner and outer side of the solenoid. The vacuum in the vessel should he 
below 10-s Pa. 

In order to limit the energy loss of the particles passing the solenoid, and the pair 
production and annihilation of electrans and positrons in the solenoid, the radiation 
thickness of the system has to be kept as low as possible. To keep the radiation thickness 
of the cryostat below 0.04 X0 (see section 1.3) the radiation shield will be made of 
0.5 mm aluminium plate and the outer and inner vacuum vessels both of around 1 mm 
thick aluminium (the radiation length of 10 mm aluminium is 0.112 X0). Making the 
vacuum vessels of a honeycomb structure will be extremely difficult because of the large 
curvature necessary in the material due to the small diameter of the vessels. Using a 
carbon fibre construction is too expensive. 

4.1 Cy lindrical Shells under Pressure 

In a cylinder under uniform internal radial pressure Pr a tangenlial stress will be devel
oped [16] 

Prr 
(J =-

'P t (4.1) 

where r is the cylinder radius and t the thickness of the cylinder shell. This equation 
holds only if the quotient of r and t is greater than 10. The strain, or the relative change 
in the dimensions of the material, in radial (r) and in axial (z) direction is given by 

Er= 
Ar= (J'P (4.2) r E 

Ez = 
Az = J,I(J'P (4.3) z E 

with E the modulus of elasticity of the material, and v Poisson's ratio. This is the ratio 
of the strains in two perpendicular directions. The modulus of elasticity of a material 
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Table 4.1: Dimensions of the inner vacuum vessel. 

design pressure, p 
length, l 
radius, r 
plate thickness, t 
tangential stress, Ut 

2.0xl05 Pa 
545.0 mm 
245.0 mm 
1.0 mm 
50·106 Pa 

is defined as the rate of change of the stress with respect to the strain of the materiaL 
As long as the stress is below the yield strength o0.2 of the shell material the cylinder 
will not be deformed permanently under the load of the internal pressure. Then the 
cylinder will be able to withstand this pressure. 

Poisson's ratio 11 of the material gives for the axial stress in the cylinder 

Fora cylinder under a uniform axialload Pz the axial stress becomes 

tp. 
Oz = -=pz 

t 

and the tangential stress 

(4.4) 

(4.5) 

(4.6) 

These equations can be used to calculate the internal pressure which the inner vacuum 
vessel can stand (see table 4.1). 

Fora short tube under external pressure Southwell [17] developed a theory to predict 
the pressure at which elastic instability is reached. At this point lobs will appear in the 
shell of the tube and it is therefore called buckling of the shell. The relations for the 
critica! pressure where buckling appears contain the number of lobs n which causes the 
pressure at which the tube buckles to be minimal for the given dimensions of the tube. 
The relation [19] 

n= (4.7) 

gives approximately the expected number of lobs to be used in Southwell's relation for 
the pressure at which buckling appears 

Et [ Z (2r) 4 1 1 ( 2 ) ( t ) 
2

] 
p = 7 n4(n2 - 1) T + 3 (1- v2) n -

1 2r (4.8) 

where Z is a factor dependent upon the type of end constraints. A value of ~: for Z is 
experimentally verified and used in general [18,19]. Southwell's relation (4.8) represents 
a family of curves, of which the lowest points represents the buckling pressure for the 
tube. Southwell showed [17] that this minimal pressure may be represented by 

32 Et2 
, Z ( 1 ) 

3 
t

2 

p = 9 2rl 36 1 - v 2 4r2 
(4.9) 
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which gives for Z = ~; 

Et
2 

4 ( 1 )
3 

t
2 

p = 0.806-l- 2 2 r 1-v r 

where 
p - pressure at buckling 
l - lengthof the tube 
r = radius of the tube 
t - thickness of the tube's shell 

E - modulus of elasticity of the material 
v - Poisson's ratio for the material 
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(4.10) 

Mises [19] also developed an expression forshort tubes under end and circumferential 
load. Buckling at instability will happen at a pressure 

(4.11) 

and this again involves finding the value of lobs n which gives the lowest pressure. 
For a circular ring the critica} pressure at which the ring collapses equals [19] 

3EI 
p=lr3 (4.12) 

in which I stands for the moment of inertia of a transverse cut. In case of a ring with a 
rectangle transverse cut the moment of inertia equals 1

1
2 lt

3 , with respect to the radius 
of the ring as axis. When substituting E with (l!v2) [20] a relation for long tubes with 

a length over 4.90rVf and freely supported ends 

(4.13) 

is attained. 
The difference in critica} pressure for a ring, short tube and a long tube is caused 

by, as stated, the tube's dimensions. Those dimensions will influence the forming and 
size of the lobs and thus the pressure at which buckling appears. The equations for a 
short tube (4.8, 4.10, 4.11) can be used fora ratio lfd of the tube length land diameter 
d between 0.5 and 2.0 [19]. For a ratio less than about 0.2 the tube will collapse due 
to stress developments adjacent to the end supports reaching the yield strength of the 
materiaL 

Saunders and Windenburg [19] examined in their work also cylindrical vessels rein
foreed by circumferential stiffeners. They stated that the length l of the cylinder may be 
taken as the length between two adjacent stiffeners, to calculate the collapsing pressure. 
The necessary rigidity of a stiffener can be calculated with equation (4.12) fora ring by 
inserting for the ring length l the distance between two stiffeners. This is essentially the 
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same as is being done for stiffened plates. The flexural rigidity Dof a plateis defined 
by the deflection curve 

d2v 
D- = -M (4.14) 

dx2 

presenting v as the plate's deflection and M the bending moment. For a plate t.he 
flexural rigidity equals n(~:'..,2). For a stiffened plate the sum of the flexural r1gidity of 
the plate and the stiffeners (EI) is taken, given as 

D - Dpltate + D,ti/femr 

Et3 EI 
~:--~~+-
12(1- v2) w 

(4.15) 

with I being the moment of inertia of the stiffener and w the distance between the 
stiffeners. The flexural rigidity D has the same meaning in the cases of plates and 
shells. 

Huffington and Blacksburg [21] state that orthotropic plate theory is applicable to 
stiffened plates under the condition that the ratio of the stiffener distance w to the 
plate dimension stays small (wjl « 1). This to insure approximate homogeneity of 
the rigidity. The flexural rigidity of the stiffened plate may then be applied as for a 
homogeneaus orthotropic plate of constant thickness with an equivalent rigidity. A way 
of calculating the critical pressure on a reinforeed cylinder should then be to calculate the 
rigidity of the plate-stiffener combinat ion. The rigidity of the plate-stiffener combination 
equals the rigidity of a virtual orthotropic plate. The thickness of this virtual plate may 
be used as a virtual thickness of the plate-stiffener combination in the equations for the 
collapsing pressure. 

4.2 The Outer Vacuum Vessel Wall 

The outerwallof the vacuum vessel has a lengthof 550 mm and a radius of 325 mm 
(see figure 4.1). This implies that for a critical pressure of two times the atmospheric 
pressure and supported ends the wall thickness should be around 3 mm of aluminium 
(from equation 4.10 using 11 = 0.3 and E = 69·109 Pa, see table 2.5). When using a 
1 mm thick aluminium wall, stiffeners have to be placed over the length of the wall, 
in tangential direction. This can be done by corrugating the aluminium. Then the 
radiation length of the vacuum cylinder, for particles crossing the stiffeners, does not 
increase as much as it would by using solid stiffeners. 

Between the outer side of the vacuum vessel and the Csl-crystals there is a space of 
10 mm which is necessary as manoeuvring room. Therefore the corrugations have to 
be made on the inner side of the vacuum vessel. Because of thermal isolation there has 
to be a free space between the vacuum vessel and the radiation shield and only some 
5 mm of the available 25 mm may be used for making a corrugation. 

The moment of inertia of one square corrugation, with respect to the cylinder shell 
as axis, is given by 

{4.16) 
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in which S stands for the surface of the cross section of the corrugation, a for the 
outer height of the corrugation and b for its inner lenght. H the thickness t of the 
plate is neglected with respect to the other dimensions, the moment of inertia can be 
approximated by 

{4.17) 

The moment of inertia of asolid stiffener ring with respect to the cylinder shell as axis 
is given by 

I= as (ib) + a2 
( -ibt) +a (~bt2)- 1

1
2bts 

or in approximation by 

I= !bas. 
3 

For a sinusoidal corrugation shape the moment of inertia becomes 

2 (1 ) (2 2) 1 s I = a Ïbt - a ;bt + 3bt . 

(4.18) 

(4.19) 

(4.20) 

Using the momentsof inertia it is possible to calculate the dimensions of a corruga
tion, expecting that this corrugation is not allowed to buckle and should be as strong 
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Figure 4.1: Axial cross section of the solenoid, showing the coil and the vacuum vessel. The solenoid 

axis is lying along the CELSIUS beam line. Only the upper half of the cross section is shown. All 

dimensions are given in mm. 
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as a solid end support. The vessel is considered as a tube which is held circular at 
intervals l by the stiffeners. The pressure p on the tube between the sti:ffeners will cause 
a reactive pressure Pon the stiffener rings, which is given by [22] 

with 

p 
p = f31(2a) 

2a = {Jl = ~yf3(1- v2
), 

vrt 

(4.21) 

(4.22) 

and I a complicated function of a. For large values of 2a I reduces to the value 2. 
A calculation is made assuming that the stiffeners are rigid rings supporting the vessel 
over its complete length. In table 4.2 the result of this and some other calculations are 
given. 

A model of the outer vacuum vessel, made of uncorrugated 2 mm thick aluminium 
plate (SS 4212), is built and tested for examining the construction method. When 
lowering the internal pressure the vessel wall starts to buckle at the spot where the 
two plate endings are welded together to form a cylinder. This happens at an internal 
pressure of 200 Pa (outer pressure as the atmospheric pressure), while such a cylinder 
should stand a pressure of 2.5 x 105 Pa. It is suggested that the material is weakened 
by the welding process. After annealing the cylinder material (a heat treatment) the 
internal pressure can be lowered to 1.5 Pa, giving a radial and axial pressure on the vessel 
wall. In a pressure vessel the pressure on the cylinder wall is raised up to 2.5 x 105 Pa 
before the vessel wall starts to buckle. The pressure is not raised further to save the 
vessel wall for further study. During this last test the axial load on the cylinder is taken 
by an external support structure. The weakening of the material by the welding and 
forming processes means that smooth corrugation have to be made. Thus sinusoidal 
corrugations are the best choice. 

The injection line for the pellet targets crosses the solenoid, and thus the vacuum 
vessel, in the middle. With a injection tube of 10 mm in diameter (see figure 4.1) 
there is a gap of 40 mm in the coil. The thickness of the coil windings corresponds to 
11 mm aluminium of which 5.5 mm are necessary for supporting the adjacent windings 
axially. The remaining thickness can, together with the 1 mm from the vessel's shell, 
be used for a 6.5 mm thick support ring. However a 7.5 mm thick support ring is 
required tostand two times the atmospheric pressure (equation 4.12). The shell between 
the reinforcements can be made of 1 mm thick aluminium with corrugations made at 
distances of 50 mm of sinusoidal shape with a height of 5 mm and a length of 16 mm. 
This shell has a length of 200 mm, giving a ratio lId = 0.3. Because the equations are 
most applicable to tubes with an lId ratio between 0.5 and 2.0, the actual pressure at 
which this tube with a length of 200 mm is expected to collapse will be less than the 
calculated pressure. This pressure is two and a half times higher than the pressure of 
4x10S Pa calculated with equation (4.8) on a tube with a lengthof 550 mm (lid= 0.8) 
(see table 4.2). 

A model of the 1 mm thick corrugated aluminium vessel will be built and tested. 
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Table 4.2: Dirnensions of the outer vacuum vessel. The calculation of the stilfeners as a rigid ring refers 

to the calculation made with the assumption that the stilfeners should act as rigid rings to support the 

complete vessel. The calculation via the virtual thickness is done by using the virtual thickness of a plate 

with a rigidity equal to the rigidity of the plate-stilfener combination. The length of the tube is taken 

as the overalllength of the vessel minus the forward (20 mm long) and backward (80 mm long) support 

cylinders and the 10 mm long front end piece which connects the outer and inner vessel. 

design pressure, p 

vessellength, l 
diameter, d 
radius, r 
plate thickness, t 
thickness I diameter, tI d 
length I diameter, lid 

calculated stiffeners as rigid rings: 
maximal distance between stiffeners, w 
length of one stiffener, b 
height of a comparable solid stiffener, a 
height of one square stiffener, a 

stiffener distance I cylinder length, wil 
collapsing pressure p according to: 
- Southwell's envelop function (eq. 4.10) 

calculated stiffeners via virtual thickness: 
distance between stiffeners, w 

length of one stiffener, b 
height of one sinusoidal stiffener, a 
effective plate thickness, t 
stiffener distance I length, wIl 
expected number of lobs (eq. 4.7) 
collapsing pressure p according to: 
- Southweli ( eq. 4.8) 
- Southwell's envelop function (eq. 4.10) 
- Mises (eq. 4.11) 

not stiffened plate, with plate thickness t = 2.6 mm: 
tangential stress, Ut 

thickness I diameter, tld 
collapsing pressure p according to: 
- Southwell's envelop function (eq. 4.10) 

2.0x 105 Pa 
550mm 
650mm 
325 mm 
1.0 mm 
0.002 
0.8 

55.3 mm 
5.0 mm 
7.5 mm 
9.3 mm 
0.1 

2.0x 105 Pa 

50.0 mm 
16.0 mm 
5.0 mm 
3.4 mm 
0.09 
6 

3.5x105 Pa 
4.0x105 Pa 
4.5x105 Pa 

25·106 Pa 
0.004 

2.0x105 Pa 



Chapter 5 

Summary 

Calculations with the POISCR package from the CERN computer program library were 
performed todetermine the magnetic flux density in the coil, in the central wire chamber 
and at the iron yoke. The magnetic flux density in the wire chamber would vary with 
15% around the central magnetic field of 1.5 T. 

At a central field of 1.5 T the maximal field strength in the coil would be 2.0 T. 
Operating at liquid helium temperature this would require a rated current of 92% of the 
critica! current. With a safety criterion of 80% a central field strength of 1.3 T would 
be reached at a current of 910 A, giving a maximal field of 1.8 T in the coil. When 
using a coil with two layers of windings a central field of 0.65 T would be reached at a 
current safety criterion of 80%. Using a return yoke with a smaller radius to the beam 
line would make it possible to operate the coil at a lower current. Hence it would be 
possible to reach a higher central magnetic field while keeping the same value of the 
current safety criterion. 

Calculations were made to estimate the field strength at the positions of the pho
tomultipliers in two different setups. One set of calculations was performed on a setup 
with the photomultipliers placed on the inside of an iron return yoke, 50 mm thick, 
placed at 860 mm from the centre of the detector. The tubes were shielded by 10 mm 
thick iron L-shaped profiles for the Csl crystals mounting. When using an additional 
few millimeters of mu-metal shielding the photomultipliers could operate in a magnetic 
field up to 40x1o-• T. However the calculations showed that the photomultipliers posi
tioned ciosest to the beam region would have to stand higher field strengths. However 
on the outer side of a 50 mm thick iron return yoke, placed at a distance of about 
660 mm from the detector centre, the field strength would be below 40x1o-• T. 

The longitudinal forces would put the highest demands upon the design of the sup
port system for the solenoid. The longitudinal force was estimated to be 600±50 N when 
the coil was placed in the centre of the slightly asymmetrie yoke. The force changed 
with 300±50 Nfcm when the coil was moved longitudinal along the beam line. This 
meant that if the coil was positioned 20 mm off centre the resulting longitudinal force 
would vanish. By adjusting the design of the return yoke the forces on the coil could be 
minimized. All changes in the strength of the forces when shifting the coil perpendicular 
to the beam line were up or below the per cent level of the total forces. Thus slight 
changes in the design of the return yoke could be done without putting higher demands 
on the support structure. 

49 
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The coil structure itself could stand the radial forces. Calculations showed that a 
total force of 485±5 kN would act in radial direction on the wires, giving a tangential 
stress of 100±5 MPa. The stress in the different wire materials was calculated to he 
below 60% of the yield strength in the copper, and less than 30% of the yield strength 
in the other materials. An out of centre positioning of the solenoid along the beam line 
or in the radial direction would change these forces by less then 1% per 10 mm of shift. 
The expected deformation of the coil would rise the radial forces by a few per cent only, 
thus the wires would in principle stand these forces without any external support. 

The attractive forces between the two half coils were calculated to he about 450 kN 
and expected to increase approximately linearly by 50% at a decrease of 10 mm on 
the distance of 40 mm between the two half coils (the gap for the pellet target tube). 
This would give a stress of 46 MPa in an aluminium spaeer ring structure of 5.5 mm 
thickness, campressing it by less than 660 JJ.Str 

A central magnetic field of 0.5 T would he high enough to confine all the produced 
delta electrons to the beam region in the central detector. At the outer side of the 
iron return yoke the fringe field strength was high enough to confine the lowest energy 
delta electrons in the beam region. The electrons with energies below 0.5 Me V were 
emitted with high production rates at large angles and were almost completely absorbed 
or reflected at the forward steel window, thus they were not able to enter the forward 
detector. Assuming that there was always just one pellet target in the beam, the 
remaining delta electrons would enter the forward detector at rates in the order of 
100kHz for an uncooled proton beam of 1150 Me Vandat about 100 times higher rates 
for a cooled proton beam because of the smaller beam radius. The passage of electrons 
through the steel window would lead to the production of gammas entering the forward 
detector with energies around a few hundred keV at rates of around 10 kHz for an 
uncooled proton beam. 

A proton beam interacting with deuterium pellets would give about the same energy 
and rate distributions. 

It would he possible to build the outer wall of the vacuum vessel of 1 mm thick cor
rugated aluminium. This could he done by using several smoo~h sinusoid corrugations 
in order not to weaken the material too much. After forming and welding the vessel 
would have to undergo a heat treatment to strengthen the materiaL Stress develop
ments adjacent to the end supports could make the vessel collapse at a lower pressure 
than the estimated 4 x 105 Pa for a 550 mm long vessel. 
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