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A COINCIDENCE TYPE ION-ELECTRON CONVERTER DETECTOR FOR

LOW-ENERGY PROTONS

ABSTRACT

A coincidence type ion-electron converter detector has
been developed and used — together with an electrosta-

tic energy-analyser — for precision measurements of the
energy distribution of recoil protons from free-neutron

decay. The most important aspect of the development

was, besides keeping the background below 0,2 counts/sec

in the presence of a certain radiation background, to achi-

eve a high and energy-independent counting probability for

protons with energies between 100 and 1000 eV. With an
acceleration voltage of about 25 kV and Al-foils

2
(20 to 35 /ug/cm ) as converter, we obtained counting effi-

ciencies of 70 to 85 percent. The design and performance

of the detector system, employing six foils with different

sensitive areas, are described and discussed in detail.



A COINCIDENCE-TYPE ION-ELECTRON CONVERTER DETECTOR

FOR LOW-ENERGY PROTONS

1. INTRODUCTION

In this work we describe the layout and performance of the

ion-electron converter detector, developed for the neutron-
decay experiment at the Research Center Seibersdorf /1-3/.
This basic research project aimed at the determination of

the weak-interaction coupling constants |g./g | from a
£\ V

precision measurement of the energy spectrum of the recoil

protons in free neutron decay. One of the main problems in
this experiment was to measure a very small current of low-

energy protons. This lead to the development of a coincidence-

type ion electron converter detector. The basic principle of

this kind of detector, i.e. the acceleration of the primary

particles onto a converter and the counting of the second-
ary electrons raised from the converter surface, was first
described by Schütze and Bernhard /4/. Daly /5/, Bernhard et

al. /6/, and Werner /?/ carried on this development and

discussed the advantage of this detector in relation to
other particle detectors, like open electron multipliers,
etc.

As for our radiation background the noise of this type of

converter detector is too high, we followed the ideas of

Kraus and White /8/ (counting coincidence signals from both

sides of a thin foil), as well as of Daly /9/ and Daly and

Powell /1O/ (mass discrimination by proper chosing of the



foil thickness). In our device, the protons are accelerated

onto a thin Aluminium foil and, penetrating this foil,

generate secondary electrons on both sides of the foil,

which are accelerated onto two scintillation detectors

and counted in coincidence. Although some aspects of our

development are specific for the neutron decay experiment,

many details of the detector's design and performance are

of general importance.

Fig. 1 gives a schematic cross section of the apparatus to-

gether with the coordinate system« As neutron source we used

the core of the ASTRA-reactor at Seibersdorf. It is a light-

water moderated pool-type reactor with a maximum power of

8 MW. The thermal neutron gas in the center of an evacuated

tangential beam tube was used as decay source. On one side

of this beam tube the energy spectrometer was installed,

consisting of an electrostatic spherical condenser and of

the ion-electron converter detector described in this paper.

On the other side of the beam tube was placed a conventional

ion source for injecting a low-energy ion beam for calibrat-

ion purposes (mainly H or H- with 150 to 1000 eV energy).

2. REQUIREMENTS

The protons emitted from decaying neutrons have an energy

distribution with a maximum energy of 751,4 eV. Fig. 2 shows

theoretical curves for this spectrum together with measur-

ed points. For practical reasons, most of the measurements

were restricted to the energy range of 100 to 700 eV. In

order to allow a precise measurement, the detector has to

fulfill the following requirements:

(1) to ensure a high and energy-independent counting

efficiency;



(2) to keep the background counting rate low (e.g.

< 0,2 counts/sec). Therefore, we have to consider the

radiation background, spurious ions, and noise dis-

crimination.

Based on these requirements, a coincidence-type ion-
electron converter detector has been constructed, con-

sisting of the following parts:

(1) Ion-focusing and. -acceleration system

(2) Ion-electron converter

(3) Electron-focusing and -acceleration system

(4) Scintillation detector, consisting of

a) scintilla-tor foils (inside the vacuum system)

mounted on two viewing ports, and photomulti-

pliers (outside the vacuum system)

b) pulse discriminators andcoincidence device

Short descriptions of the detector system can be found in

Refs. /11J2/.

3. DESIGN AND PERFORMANCE

Fig. 3 gives a schematic cross section of the coincidence

detector. Ions, passing the entrance aperture of the de-

tector (= exit aperture of the spherical condenser) with

energy T, are focused by an ion-optical system and acceler-

ated to a final energy Tc of approximately 25 keV. The

narrowed beam of the protons hits an aluminium foil, which

is inclined 45 to the beam axis (= x'-axis). The secondary

electrons ejected from both sides of the foil are

accelerated in positive and negative y1-direction and focused



onto the two scintillator foils. In order to avoid variations

of the secondary electron emission (S.E.E.)-coefficient,
the energy of the protons impinging the converter

foil, Tf, has to be kept constant - independent of their

primary energies T at the detector entrance aperture.

For this purpose, the acceleration voltage U (% 25 kV)
Ct

has to be varied according to the entrance energies T:

U = (T- - T)/e. (1)
a. J.

With Tf fixed, the thickness of the converter foil is

chosen in a way to allow only protons to penetrate, whereas

all heavier ions (e.g. 0- or CO ) are stopped in the foil.
This leads to a discrimination against heavier ions.

Inside the vacuum chamber there is a rotable disk carrying
six foils with different properties (only one of these is

shown in Fig. 3). Each one can be put at the beam focus

(at z' =0); positioning is done by a rotary feedthrough
via an insulating glass rod. The entire ion-optical system

including the rotable disk and its driving mechanism is
mounted on 4 glass rods fixed on the basic flange, which

can be removed from the vacuum chamber over two guide-

rails in order to allow easy replacement of the sensitive
foils.

The vacuum chamber of the detector consists of two parts
connected via a large metal bellow in order to allow

mechanical adjustments of the ion-optical system (fixed
onto the basic flange) with respect to the spherical
condenser.

The vacuum system is an all-metal construction and can be

baked up to 250 C (the two glass windows with ehe scintillate

ors are cooled by a water loop during bakeout periods). For

more details see Refs. /13,14/.



In the following sections we give a detailed description

of the various parts outlined above.

3.1. Ion-focusing and -acceleration system

The decay-proton beam leaving the spherical condenser's
exit aperture at x' = -700 mm has a cross section of
14,0 x 3,7 mm and a divergence of 0,13 rad. It has to be

focused onto the converter foil (at x1 = 0), independent

of its entrance energy of 10O to 70O eV. This is achieved by
a combination of a single lens (A, B, C) and a tube lens,

with the first electrode (C) at a variable potential U., of
between -2 kV and -4 kV, and the second electrode (D) at
the final potential ua (see Fig. 3).

a,

The potential distribution and the ion trajectories have
been calculated by one of the authors /15/ using the ir.esh-

method and the Runge-Kutta procedure, respectively. As an

example, three trajectories of 810 eV ions are given in
Fig. 4. Note that the transverse scale of the trajectories

shown is enlarged by a factor of 6 with respect to the
electrodes. This Figure illustrates that the ion optical

system diminishes the cross section of the beam by a
factor of about 4; the z1 x y'-size of the focused decay-

proton beam at the foil is approximately 3 ^ 1 mm. In order

to keep this cross section (almost) independent of the

entrance energy T, the potential U., has to be varied with T

Fig. 5 gives the calculated potentials U~ for focusing
protons with entrance energies from 100 to 10OO eV onto

the foil. The points marked in this Figure are those
(experimentally determined) potentials where the smallest
cross section could be achieved. These measurements have

been done with a H,,"*" beam as well as with decay protons.

The size of the image depends on the entrance energy T.

Fig. 6 shows a comparison of the measured sizes for
several points between 170 and 1000 eV (wellfocused H? -

beam) with the calculated curve (from Ref. /15/).
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Also the z'-position (horizontal position) of the beam

varies with the entrance energy. Fig. 7 illustrates this
behaviour for a H2'-beam (0.5 mm crossover at the foil).
The detector was adjusted via the cardanic suspension in

a way to allow the 500 eV beam to cross the foil at exact-

ly the geometrical axis (x'-axis). This test has been per-
formed by means of a pinhole-foil (see no. 3 in Fig. 8) .
The z'-shift was less than 1 mm for the energy range
considered. This remaining T-dependence of the size of the

focus and of its position requiresa high homogeneity of
the detector foil. Similar measurements, but now with the
decay proton beam focused onto the foil, showed no measure-

able shift in z'-direction (note, that this beam-width is

considerably larger and, therefore, a small z1-shift cannot

be determined easily).

From the results cited here it is to be concluded that
the ion-focusing system fulfills the stringent requirements

of the neutron decay experiment.

3.2. Ion-electron converter

For the converter-foils aluminium was chosen since this
material has a high secondary electron yield and is suit-

able for the production of thin foils.

3.2.1. Foil-groduction

Aluminium foils with defined area density (between 20 and
2

50 yg/cm , i.e. a thickness of approximately 70 to 180 nm)
have been prepared by evaporation under high vacuum. Pure

Al was evaporated out of an BN-. cup, heated by a Mo-strip.
As substrate, we used a glass plate covered with a thin
layer of Teepol (prepared by distributing the filtrate of

a Teepol-acetone mixture over the clean glass surface).

After evaporation, the foils were removed from the substrate

by making water creep between the glass and the foil. The
foils were then taken out of the water by adhesion to the
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foil disks (0,1 mm CuBe) and dried. Finally, the disks

were mounted into the foil rings (see Fig. 8), which fit

into the 6 positions of the rotable disk.

Several kinds of foils have been employed. For evaluating

the beam size, beam position in y 1- and z'-direction, and

possible z'-shifts, pinhole- and slit-foils have been used

(no. 1, 2, and 3 in Fig. 8). In some cases, a ZnS covered Al-disk

of the same size has been inserted, allowing optical observation

of the crossover. These foils could be moved stepwise by means

of the driving mechanism of the rotable disk which - due to its

high gear - allowed a positioning of better than £ 0,2 mm. The

counting rate curves achieved in that way across these foils

("mechanical windows") are a measure for the beam size and

position (as an example for mechanical windows see Fig. 10).

For the energy-spectrum measurements of the decay protons,

foils with a sensitive area of 8 to 10 mm diameter were

used. As the size of the crossover was less than 5 mm

over the energy range investigated (T = 100 to 700 eV)

these foil-dimensions are sufficient to include also

the lateral "tails" of uhe focused beam.. For these measure-

ments, Al-foils with selected homogeneity have been taken.

3.2.2. Foil-transmission

The foil transmission D is usually defined as the ra-cio

of the number of transmitted particles N and the number

of incoming particles N

DF = N/NQ. (2)

In cur case the transmission was determined by the ratio

n /n.. of the coincidences (n ) and the signals (n-) from^ ~ c z
the front side of the foil. Measured values for the trans-

7
mission of a 20 ug/cirT foil for various ions are shown in

Fig. 9.
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For a thorough discussion of Fig. 9 it has to be con-
sidered that the value n /n,r deduced from the measured

C J-

counting rates differs from the true transmission N/N

as defined in Eq. (2), due to
a) different S.S.E.-coefficients on front- and

backside of the foil as a consequence of energy

losses due to penetration. This would be a
crucial source of error if the ratio of the

secondary-electron currents from front- and
backside would be used to calculate a "trans-

mission value".
b) unavoidable counting losses due to S.E.E.-

statistics

c) additional co-anting losses in ehe scintillation

detector, e.g., due to backscattering of electrons
from the Al-covered scintillator surface, dis-
crimination losses caused by finite bias setting, etc

Thus, in our case, the measured transmission (= essentially

the counting efficiency of the detector) n_/nf is always
G X.

smaller than the true transmission N/N .

Fig. 9 illustrates that

(1) an acceleration voltage offy 25 kV is high enough

to count practically all protons impinging on the
sensitive area of the foil. Small changes of

acceleration voltage and/or foil thickness have

no measurable influence on efficiency;

(2) discrimination against signals from ions heavier

than H~ is apparently good. (The entire back-
ground situation is, however, rather complex

and the actual improvement of the background
achieved in that way cannot be evaluated quanti-
tatively) ;

J. 4-

(3) the transmission for K and H- is nearly

identical. (Similar observations were made wich

other Al-foils of comparable thickness.) This

result appears to be contradictory to observations
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from Freeman and Latimer /16/ for D and D2 /

as well as to Bauer's results for thicker foils /17/.

A detailed investigation of this problem was not

possible hitherto.

When considering precision, it must be kept in mind that

protons with energies T between 100 eV and 700 eV have to

be detected. For a constant setting of the acceleration

voltage U this would mean a difference hTf= 600 eV ofa t
the actual energy Tf at the foil surface. This difference1 •?
could - especially for foils thicker than 20 ug/cm"-imply

a small but measureable change in efficiency (up to 3 %
2

for foils around 40 yg/cm ). As mentioned earlier (cf. Eq. 1)

this difficulty was overcome by regulating the acceleration

voltage U according toa
condenser spectrometer.

voltage U according to the energy setting of the sphericala

For testing, whether a foil is sufficiently homogeneous

or not, a z'-scan was done over the foil width. In order

to increase the sensitivity for small changes of homogeneity,

these measurements were done with reduced acceleration

voltage (at the 5O % efficiency point, where the slope of

the efficiency curve is in its maximum). Fig. 10 shows

such an efficiency measurement (z1 -scan at Ua = 21 kV) over the

sensitive area of a 10 mm 0 foil and a 8 mm 0 foil. In case

of foil (a) the efficiency is constant within 0,7 %. It can,

therefore, be expected that the remaining variations of the

efficiency are far below 0,1 %, provided the measurements

are done at U % 26 kV and the acceleration voltage U is

regulated as described above. Foil (b) is a wrinkled foil
with small holes. The measured curve reflects this clearlv.

3.2.3.

As stated by Greucner and Krebs /18/, the statistics of the

ion- induced S.E.E. is best described by a negative binomial

distribution. For small values of the S .E. E .-coefficient y

the distribution can, however, be substituted by the Poisscn



distribution P(k) :

P (JO = Yk[exp(-Y)]/k< (3)

with P(k) being the probability for emission of k electrons

per incident ion. For a high counting efficiency, large

values of Y on the front- and backside of the foil are

desirable.

3 .E.E.-coeffieri ents for the frontside (Y^) and backside (Y. )

of Al-foils have been measured by Bauer /17/. He determined

the Y-values fay comparing the pulse heights caused by S.E.E.

(from ions) with those of photoelectrons (raised by a weak

light source). A selection of his data is listed in Table I.

3.3. Electron focusing - and acceleration system

For focusing the secondary electrons, two tube-lens systems

are used (see Fig. 3). The potential distribution as well

as the electron trajectories have been calculated in the

same way as it was done for the ion focusing system /15/.

This calculation gave a magnification factor of 1, together

with a slight shift of the image out of the geometrical axis

(by about 4 mm) due to the tilted position of the foils with

respect to the axis (see Fig-. 1).. The results of this calculat-

ion could be verified experimentally by observing the

location and size of the light points at the scintillator foils

when operating the system with an ion beam of approximately

5 x 10~13A.

3.4. Scintillation detectors

Plastic-scintillator foils (type HE 102 A, Nuclear Enter-

prises, with the maximum of emission a- 430 nm) with a thick-

ness corresponding to the penetration depth for 50 keV

electrons (i.e., an area density of 5 mg/cm ) were used.

The decay time of this scintillator is 2,5 ns. The foils

were cemented onto the center of 1CO mm i.d. viewing porrs.

In order to get an electrically conducting surface, an Al-

layer of approximately 20 ug/cm" thickness was evaporated

onto the scintillator bv vacuum evaporation.



For counting the light signals, two RCA 8575 photomuli-

pliers (PM) are used (outside the vacuum). They are
mounted into a light-tight housing, containing a single-

layer Mu-metal shield, and are optically connected to
the viewing ports by a thin layer of 60.000 cst silicone
oil. The PMs are run at about 1900 V, the discriminators
were biased at 110 mV, corresponding to the hypothetical

pulse height due to emission of two electrons from the
foil (for more details see Sect. 3.5.).

As mentioned before, the acceleration voltage U is regulat-
ci

ed according to the proton energy T. Therefore, it has to
be considered that, according to the changes of the foil
potential, the energy of the S.E.sat the scintillators also would

change with energy setting T. Thus, the average photon-

pulse height would become a function of energy setting.
Moreover, the unavoidable losses due to backscattering
and absorption in the Al-layer on the scintillator foils would
also cause an energy dependence of the efficiency. By
changing the potential applied to the Al-layer from 0 to

-t-6OO V (according to the AT of 600 eV in a spectrum
measurement) while keeping the ion current (focused onto

the foil) constant, we measured changes in efficiency of

1 to 2 % (for U = 25 kV). Since such changes of effi-a
ciency cannot be tolerated, the potentials U of the

3 G

scintillator-covers have finally been regulated (together

with the tube-lens potential, see Figs. 3 and 13) accord-
ing to Q (see Eq. 1) as

3.

Usc = ~T/e' (4)

3y that way, all secondary electrons hit the scinrillator sur-

face with the same energy

Tf = (Ua - Usc)e' (5

indeoendent of the T settinc.



3.5. The control and counting system

The entire electronic system can be run manually or

automatically via the spectrometer control unit (SCU).
It allows a stepwise setting of the electrode voltages
in the spherical condenser (setting of energy T) with a
simultaneous control of the other energy dependent

settings

- variable ion-lens voltage V, (for T-
independent focusing),

- proton acceleration voltage U (for T-
cL

independent proton energy at the foil),

- S„Eo acceleration voltage U (for T-indepen-
S C

dent electron energy at the scintillator).
u

The counting system consists of two discriminators
(as pulse discriminators) together with a fast coincidence,
The bias was optimized with respect to a high efficiency

and a low background. Fig. T1 shows the counting rates

n,,, n, , and n for bias settings between 50 mV and 500 mV.
A bias value of 110 mV was finally chosen for the measure-

ments. With the 30 nsec electronic resolution available,
the system could be operated for counting rates up to
10 counts/sec in the single channels (less than 3 %

counting losses for n ).

4. COMMENTS ON OVERALL DETECTOR EFFICIENCY

We consider N particles entering the foil. The probabi-

lity p9 - of raising at least
 two S.S.s per incoming particle~,

at the frontside of the foil is, according to Sq. 3, given

to a first order by 1 - P-(0) - P~(1) . The number of counts
E i.

registered in the frontside channel is, however, smaller

than N _ p _ ^ because of losses (see Sect. 3 . 2 . 2 . ) ; these losses
O Z,i-



are taken into account by the efficiency of the frontside

scintillation detector, z~. Thus, the number of counts
registered, n, is

n = P

For the number of counts in the backside channel we get
analogously

nb = No DFP2,b
£b = No DF ?b- -(7)

As we assume the probabilities p.. and p, being independent,

the number of coincident counts , n , is given by

nc = No DF Pf Pb = No £' (8)

e, the overall detector efficiency, can also be written as

2
e = n /nc n. . (9)

w i. *J

Using Eq. (9) and taking measured values of n , n^ and n. ,
C H iD

we deduced £- values between 85 and 66 % for the 20 to
2

45 ug/cm foils used (for 26 kV); the transmission D_ was
estimated to be between 97 and 85 %, respectively. From
Eqs . (6) and (7) we deduced S .E .E. -coefficients *ie and y, for

— D
the front- and backside of 5 to 7 and 3,3 to 5, respect-

ively. A selection of data is given in Table II.

5 . BACKGROUND

During reactor operation, the background was measured

by setting the spectrometer at 0 eV or > 800 eV. Since a coincident

spontaneous emission of S.S.s from front- and backside

of the foil is extremely improbable, there are four

contributions to the background in n :

- true background ions, e.g. protons scattered at

the electrodes of the spectrometer



- Chance coincidences due to independent noise
in nA and n,— o

- true coincidences due to external radiation-
background (mainly Compton- or photo-electrons

passing both scintillators by chance)

- true coincidences due to surface ions
from the detector walls. Such ions may be
released by field-emitted electrons (e.g.,

from the foil-region), or by secondary elec-
trons produced by penetrating gamma-rays.

Whereas the first three contributions to the background are small

and - to a first order - independent of the acceleration
voltage U , the last contribution (surface ions due to

CL

field emitted electrons) is apparently the most important
contribution to the coincident background. This is

illustrated in the following sections.

5.1. Influence of field-electron emission

First we consider the variation of the background signals

with acceleration voltage U . Fig. 12 shows such a measure-a ->
ment for a 10 mm 0 foil (20 ug/cirT) . The main contribution
to the single counting rates n~ and n, is apparently due

to field emission. The exponential rise can, however,

be observed down to 20 kV only since then the field
emission becomes too low to be observed in the (constant)

general background (PM noise etc.). The dotted line

indicates the number of accidental coincidences n, to
CL

be expected from the single counting rates and the coin-

cidence length T = 30 nsec
R

n = 2 T_ n- n. . ( 10)a R i. o

As can be seen, ehe coincidence counting rate observed, n ,

is considerable larger than n . Since the events leading
CL

to the high counting rate n are apparently raised by ions
*" ""



hitting the sensitive area of the foil (because true

coincidences can only be raised that way), it was assumed
that most of these ions come from the Al-covered scintilla-

tor surface. In order to prove this assumption and to
diminish this contribution to the background, electrically
insulated suppressor-grids were installed 20 mm in front

of the scintillator surface (0,2 mm steel wires with

5 nun distance each). Fig. 13 illustrates this arrangement
and the potentials applied. Fig. 14 shows the influence
of the potential at the suppressor grid, U , on the coin-

cidence background. For the explanation of the data in
Fig. 14 we have to assume at first that the relatively

small changes of the potential distribution between foil
and scintillator, caused by the variation of U , have no

significant influence on the counting probability for the fccu-
sed secondary electrons. As a proof for this assumption it was
found in tests with an ion beam focused onto the foil

that potentials U of a few hundred volts have no influence?
on the detector efficiency. Consequently, the diminution

of the background in Fig. 14 has to be attributed to a

retardation of the surface ions released from the scintilla-

tor surface.

The suppressor grid, with a voltage Ua of -HOC V applied,

reduces the coincident background (for U = 26 kV) from
a.

2.0 to 0.4 counts/sec. A much lower background (< 0.10 cps)

:ould be achieved

< 22 kV aoolied.

could be achieved for very thin foils (< 20 ug/cm ) and

5.2. Influence of gamma radiation

There is a considerable influence of radiation on the back-
ground counting rates. Fig. 15 shows die coincident back-

ground n (U = 26 kV) for cramma dose rates UD ~o 0.15 Rd/h. For
19?

irradiation, a Ir "-source (0,3 Ci) has been used; the distance

between source and detector was varied and the dose rate was



measured by means of a commercial ionization chamber. As

can be seen from this Figure, the single counting rates n,
j

and nfa increase considerably with dose rate. At high dose
rates, the coincidence rate n is - consequently - mainlyc
given by chance coincidences.

For the neutron decay measurements, the detector was install-
ed near the end of beam tube K (see Fig. 1). During reactor

operation the background increased from < 0.10 to approximately
0.15 counts/sec; the radiation background at the detector,

normally below 0.1 mRd/h increased during reactor operation

to approx. 1 mRd/h. Thus, the increase of n can be inter-

preted, in accordance with the data of Fig. 15 , as being

caused by radiation.

6. RESULTS AND CONCLUSION

The coincidence detector described has a high efficiency (up

to 85%) for protons, with a good discrimination from ions

heavier than H0 . The background is, for a aamma background
-20of less than 0.1 mRd/h, about 0.1 cps (%> 10 A).

Operation of the system was found satisfactory for proton
beams of between 10 and 10 A. The actual background

depends on field emission and radiation. For the specific

applications in the neutron decay'experiment the detecror,

with the special variation of the potentials at the ion
optical system described, fulfilled the stringent require-
ments to full satisfaction.
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TABLE I: S.E.E.-coefficients y~ (electrons/ion)

measured by Bauer /17/ on the front-side

of Al-foils vs. T,'f

Tf (keV) Y.

20

24

(26)

28

5,90 + 0,05

6,40 + 0,05

(6,65 + 0,05)

6,9O + 0,05



TABLE II: Counting properties of a 45 yg/cm Al-foil for

three values of the acceleration voltage U and
2 a

for a 20 yg/cm Al-foil for U = 26 kV. Given
ci

are the frontside-and backside-counting-proba-

bilities, p- and p., respectively, the overall

efficiency e, the "transmission" Dc (= n /n,.),j- C i

and S.E.E.-coefficients for the frontside (y^)

and backside (y, ) of the foil.
D

2
U g/ cm

/ 2yg/cm

U (kV)
a.

21

26

36

26

.0

.0

.0

.0

Pf

0.

0.

0.

0.

(%)
90

94

95

93

Pb

0.

0.

0.

0.

(

6

%)

1

82

94

91

£ (

0.

0.

0.

0.

%)
36

66

86

85

Df (%)

0.65

0.85

0.98

0.96

*<f ~'b

4.9 2.7

5.3 3.8

5.6 5.3

5.2 5.0



FIGURE CAPTIONS

Fig. 1 Schematic cross section of the neutron decay apparatus
and illustration of the coordinate-system used in this
paper (x1, y'/ and z1).

FIG. 2 Energy-spectrum of recoil protons from free-neutron
decay. Shown are 8 measured points (obtained from a
2O-hours' run) together with the theoretical shapes
for two hypothetical values (0 and -O.1) of the an-
gular-correlation coefficient a.

FIG. 3 Schematic cross section of the coincidence detector,
together with the coordinate system used (z1 here
perpendicular to the drawing plane). A, B, C, and D
are the electrodes of the ion focusing- and acceleration-
system. The electrodes E. and E- form—together with
lens D—the electron focusing- and acceleration-
system. Only one of the six foils mounted onto the
rotable disk is shown in this illustration. The lens
potentials given correspond to T = 0 eV' and T = 100O eV,
respectively.

FIG. 4 Beam trajectories for three 810-eV ions entering the
detector at y1 =0 and y" = 10 mm, respectively. Note
the different'scales for electrodes and trajectories.
This calculation: was. performed for potentials U.,= 0 V,
LT2= -3 kV, U3 = - 2420 V, ü = - 25 kV* at the electrodes
A, B, C, and D, respectively.

FIG. 5 Ion focusing: U~ vs. T. Shown are measured
points together with the calculated curve, found to
give the smallest crossover at the foil.

FIG. 6 Measured sizes of the crossover for wellfocused H_ -beams
(with potential U, set according to Fig. 5) togetaer
with the calculated curve.

FIG. 7 Variation of the point of incidence at the foil with
entrance energy T. This Figure was achieved using a
H-^-beam (size of crossover according to Fig. 6).

FIG. 3 Foils employed for the tests and for the final measurement
d = diameter of sensitive foil area, d-j and d2 are the
i.d. and o.d. of the Al foil—rings. Foils 1, 2, and 3
are slit- and pinhole-foils, mainly used for tracing
beam position and setting optimum focusing conditions
by stepwise movement in z'-direction. Foil 4 (d = 8
to 10 mm) is the type used for the spectrum measurements.
Type 5 is a ZnS-covered Al-sheet for optical obser-
vations of the beam.

FIG. 9 Foil transmission (in terms of n /n^) vs. particle
energy T- of a 20 ug/cm2 Al-foilcfor H"1", H9+, HpO"

1",
C0+, andtC0+.



FIG. 10 Variation of the counting probability for a 0.5 mm 0
H2

+ beam (21 keV) across the foil diameter. In case
(a), a selected 20 ug/cm2 foil, the efficiency was
constant within 0.7 percent. In case (b), a wrinkled
8 mm 0 foil, this test clearly indicates its poor
quality.

FIG. 11 Bias setting of the discriminators. Shown are the
integral counting rates nf, nb, and n^ for a H-"

1" beam
of approximately 2000 particles/sec. For the spectrum
measurements, a setting of 110 mV was chosen.

FIG. 12 Variation of background counting rates with acceleration
voltage Ua. Shown are measured values of nf, nb, and
nc together with the calculated number of chance
coincidences (na).

FIG. 13 Potentials at the scintillator flanges.
The surface layer ( - 700 £ Al) at the scintillator
is electrically connected to the lens with potential
U applied. A potential U , positive with respect to
Usc is applied to the suppressor grid.

FIG. 14 Influence of suppressor potential UCT (relative to
Usc) on background rate nc

FIG. 15 Variation of counting rates n^, nj-j, and nc with dose
rate (from a Ir192-source in 1 to 3 meters distance) .
na = rate of chance coincidences.
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