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A STUDY OF THE HELIUM-JET RECOIL-TRANSPO�T METHOD AND ITS 

APPLICATION TO ON-LINE ISOTOPE SEPARATION 

Abstract 

The helium-jet recoi ]-transport method and its coupling to 

the isotope separator on-1 ine have been investigated. The 

dependence of the transport efficiency on several equipment 

parameters was studied both experimentally and theoretically. 

First, the transport efficiency of the He-jet method itself 

was studied. Pure commercial-grade helium, both at room temperature 

and at liquid nitrogen temperature, as well as carrier-loaded 

helium, was used. Efficiencies obtained with pure helium at 

room temperature were below 1 % when transport distances longer 

than one meter were used. Cooling of the helium dmvn to 1 iquid 

nitrogen temperature gave efficiencies of 10 - 50 % with several­

meter transport distances. High transport efficiencies were also 

obtained when the helium was loaded with different carrier vapors. 

It was shown that additives have to form clusters with diameters 

from O.Dl - 1.0 µm for efficient transport of radioactivities. 

Next, a pure helium-jet at liquid nitrogen temperature coupled 

to a Nielsen type ion source, and a NaCl-loaded helium-jet coupled 

to a hollow cathode ion source, were investigated as means of 

connecting a cyclotron target chamber on-line to a� isotope 

separator. Total separation efficiencies measured under various 

experimental conditions for several nuclides ( Cu, In, Sn, Sb, 

Ba, Bi ) were typically between 0.01 and 1.0 %. 



1. Introduction

-1-

The helium-jet recoil-transport method
1) is well-known as 

a rapid means of transportation of radioactive reaction products 

from a helium-filled target chamber to a place outside the chamber 

where they can be studied. The aim is to bring the radio­

activities away from the strong background radiation of the 

target chamber so that gamma-ray and particle spectroscopies can 

be carried out on them. 

The principle of the method is shown diagramatical ly in fig. 1. 

Helium from a high pressure bottle flows through a rotameter 

ROTAMETER 

!. 

FINE METAL MESH 

RECOIL SOURCE 

,---.-.,.._..,,._ TEFFLON CAPILLARY
,.-'-

_ __.__, 
00.3-1.0 mm 

TARGET CHAMBER COLLECTION 
CHAMBER 
0.01-0.1 tor 

1-5 atm

BACKING PUMP ROOTS BLOWER 
4200 1/min 33000 1/min 

HELIUM 
He BOTTLE 

Fig. 1. Diagram of the helium-jet recoil-transport apparatus. 



ar.d a needle valve into a target chamber. The target chamber 

is connected to a col 1ection chamber by neans of a capillary. 

LOI< pressure is maintained in the collection chamber by means 

o r a high-speed mechanical pump. The radioactive recoil atoms 

recoi 1 ing from the target or the source are stopped by the 

helium gas and are swept along with the helium through the 

capillary. They are deposited on a catcher foil or on a moving 

tape in the co 11 ect ion chamber. 

The He-jet technique has been used for more than ten years 

as an aid in nuclear research, especially in the study of 

soon-lived alpha-decaying nuclides i -3). In the early stage 

ratller little attention was paid to the transport mechanism 

itself. However, the realization of the possibilities for 

a variety of promising applications 1 • 4 -l 2) has resulted in

the need for a deeper understanding of the laws governing 
13··21) the transport process . 

The purpose of the present investigation was to develop 

a reliable and efficient He-jet system to be used as such and 

as an Integral part of an on-1 lne Isotope separator system. 

First, the transport efficiency of the He-jet apparatus was 

studied with pure helium at room temperature 19) . The method 

appeared to be useful only for short transport distances. In 

subsequent studies It was found that helium had to be-loaded with 

a proper c.:irrier subst.:ince or cooled down to I iquid nitrogen (LN
2

} 

te�rature to achieve efficient transport over distances longer 

than a few centimeters20 • 21 ). From the calculations of the transport 

properties it is shown that thermal diffusion of transported 



particles plays a decisive role in the transport mechanism. Both 

the liquid nitrogen-cooled and carrier-loaded He-jet methods 

were tested under several experimental conditions and transport 

efficienciencies from 10 to 70 % were obtained for transport 

distances of several meters. 

The coupling of the He-jet to the isotope separator7-ll)

is a promising alternative to the existing on-line isotope 

22-24) separation methods . A He-Jet system can be selective 1�ith

respect to chemical elements under special circumstances but 

normally all elements, nonvolatile as 1.ell as volatile, can 

be brought into the ion source with equal efficiency. In this 

work two different combinations of the He-jet and ion source 

were studied: One employing a pure He-jet at liquid nitrogen 

temperature connected to a Nielsen type ion source, and the 

other employing a NaCl-loaded He-jet in combination with a hollow 

cathode ion source. Under optimum conditions, transport 

efficiencies of about one per cent were achieved. 

The He-jet transport system and the on-line isotope separator 

wi 11 be used for the study of the nuclear properties of s.hort 

lived nuclei produced by means of a 90 cm cyclotron. The subject 

of this thesis is limited, however, to the description of certain 

technical details and the performance of the He-jet method and 

its coupling to the isotope separator. The study was carried out 

during the years 1971 - 1976 at the Department of Physics, 

University of Jyv§skylli, Finland. Most of the experimental 

results in this work have been included in the following 

pub 1 i cat ions: 



1. J. XystH �nd K. Valli:
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Transport efficiency of the helium-jet recoi I-transport

method with pure helium

Nucl. lnstr. Meth. 111 (1973) 531

2. J. XystH, P. Puumalainen and K. Valli:

The ea rr i er-loaded he l i um-jet t ran sport method

Nucl.. lnstr. Meth. fil (1974) 65 

3. J. XystH, S. Hillebrand, K. Hellmuth and K. Valli:

Transport of recoil atoms in a stream of 1 iquid air

cooled pure helium

Nucl. lnstr. Meth. 120 (1974) 163

4. J. XystH, V. Rantala, K. Val 1 i, S. Hillebrand, M. Kortelahti,

K. Eskola and T. Raunemaa:

Efficiency of an on-line isotope separator system 

employing cooled and NaCl-loaded He-jet methods 

Nucl. lnstr. Meth. 112. (1976) 325 



2. Theo re t l ea l 

2.1. Flow characteristics 
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The problems of fluid dynamics in the He-jet system are 

associated with the gas flow from the target chamber into the 

capillary, with the flow through the capillary and with the 

expansion of the gas jet at the capillary exit and with its 

interaction with the catcher foi 1. While most of these problems 

are extremely complicated, the most important one, e.g. the flow 

through the capillary, allows a simplified theoretical treatment 

that provides at least a qualitative explanation of experimental 

results. 

Let us assume a one dimensional viscous compressible flow 

through a constant area capi 1 lary in which there is no heat 

transfer. The variation of fluid properties along the axial 

path of the capi 1 lary can be derived from the equation of 

continuity, the equation of motion and the equation of state 

for an ideal gas. The variation of the local velocity in the 

capillary is given by .the following formuia25l : 

4C � = ..!. 1 1 K + 1 

[ ,.' 
1 + t k-1) 

(1) f D K ( 7" - "T ) M M 
0 

+--
2K 

ln 
l 1 M 2 1 + 

z (K-1) 
0 l
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where 

Cf friction factor, 

x = distance from the inlet of the capi 1 lary, 

D diameter of the capi 1 lary, 

K = c /c = 5/3 for helium, 
p V 

c
p 

specific heat at constant pressure, 

cv= specific heat at constant vo 1 ume, 

M = v/a = Mach number at a distance x, 

v = velocity ot helium, 

a= velocity of sound= li<'RT, 

R gas con s tan t for He , 

T • absol utc temperature. 

A good approximation of the inlet velocity is obtained simply 

by dividing the flow rate by the cross-sectional area of the 

capillary. This results in a few per cent inaccuracy in cases 

where the Mach number at inlet is of the order of 0. 1. Similarly, 

the change In temperature and pressure between the target chamber 

and the capillary inlet is only a few per cent and is omitted 

in calcuiations. The maximum magnitude of the gas velocity ln 

the capi 1 lary is a local velocity of sound. This can be explainei5l 

in terms of the maximum entropy at M = 1.0. 

Assuming that the sonic velocity is reached at the end of 

the capillary, the velocity distribution along the capillary 

can be calculated from the formula26) 

(2) ;:; = 



where L is the length of a capillary, The magnitude of the 

velocity is obtained from the local Mach number as fol lows25) 

(3) [_
1

1 _+_;-
.;;;.

-1_M
..;;o_

2 
]

l/� 

+ K-1 M2 
2 

Formula (2) is an approximation to formula (1) and has been 

found to hold within 5 %. The total transport time is determined 

by the time spent in the target chamber and by the transmission 

time through the capillary, Expression (2) yields, for the 

transit time through the capi l lar/ 6), 

(4) t .. .!:. 

In practice the radial flow profile in a capillary is not 

constant as assumed in formulas (1), (2) and (3). In a fully 

developed laminar flow the radial profile has the form of a 

paraboloid. In this case the average velocity is a half of 

the maximum velocity at the capillary axis25l . Assuming that 

the velocity distribution is uniform across the diameter at 

the capillary inlet, it reaches a parabolic profile at a 

distance of Le= 0. 1 x NR x R, The symbol NR = pvD/µ is 

the Reyno 1 ds number, where D = 2R Is the di ame te r of a 

capillary, v is the velocity of flowing helium, p is the 
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density of helium andµ is the coefficient of viscosity. In 

the case of a laminar flow, the relation between the Reynolds 

number and the friction factor ( given in formula (1 ) ) is 

C
f 

= 16/NR. It is generally accepted that the flow remains 

laminar when the Reynolds number is below 2300
27) . In this 

work the condition of laminarity is normally fulfilled. 

The transmission time of transported particles through 

the capi 1 lary is an important parameter in the calculation 

of transport properties of the He-jet method. It has been 

shown that when the concentration of transported particles 

remains low, below 1 %, the difference between their velocity 

d h l .  f fl . hi' . 1· 'b1
26 ) 

I h' an t eve oc1ty o owing e 1um 1s neg 191 e . n t 1s 

work the concentration is normally considerably below 1 % 

and formula (4) can well be used in the calculation of the 

transmission time of transported particles through the 

capillary. 



2.2. Losses in the transport 1 ine 

There are several factors affecting the probability of 

transmission of a recoil atom through the He-jet system. Losses 

of radioactivity occur in the target chamber, at the capi 1 lary 

inlet, in the capillary and in the collection site. Experiments 

with pure helium as a transport gas have shown that the most 

critical part is the capillary. In a typical case more than 

50 % of the produced activity can be adsorbed on the capillary 

wal 1 s 
19)

. 

The practical experience of several research groups has 

shown that certain impurities added to helium improve probabi 1 ity 

of transmission
1) . This improvement has been shown to be related 

to the size of the impurity particles and the temperature of 

14 16 20) 
the transport gas ' ' . Even pure he 1 i um can transport 

recoi 1 atoms with high efficiency wheri the whole system is 

operated at 1 iquid nitrogen temperature
21) . These experimental 

findings indicate that losses in the transport system can 

largely be explained in terms of thermal diffusion and the 

gravitational movement of transported particles inside the 

cap i 11 a ry tube. 

In the next two chapters a simple theoretical picture is 

given to explain the transmission of a particle with a given 

size and mass through the capi 1 lary. Later on, calculated 

transmission probabilities are coll1)ared to experimental ones 

( chapters 3,2., 3,3. and 4. 2.) . The losses that occur inside 



the target chamber, at the capillary inlet and on the catcher 

foi 1 are not included in these calculations. Their share is 

qua! itatively discussed in each specific case. 

2.2.1. Diffusion 

Thermal diffusion of particles in a capi 1 lary flow 

greatly depends on the radial velocity profile of the flow and 

on the nature of the flow, I .e. whether it is laminar or 

turbulent. As mentioned earl ler, the flow In the He-jet system 

is generally laminar and has a radial profile of a parabolic 

form. Under these conditions the transmission through a 

capillary of radius Rand length L is given approximately by 

the fol lowing expressions28) : 

(5) 

or 

(6) 

( n > o. o4 ) 

n 0
1 - 2.s6n

213 + 1.2n + o.177n
413 

n < o.o4 

+ ...

where n0 is the initial particle concentration and ii is the

rEan concentration of particles at the capillary outlet. n is 

a dimensionless quantity (D•L)/(R2 ,v), where D is the diffusion
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coefficient of particles in the transport gas and v the mean 

velocity of flow in the capillary. 

In the case of a uniform radial velocity distribution, the 

transmission through a constant area tube is given by the 

following expansion of the sq�ares of the zero-order Bessel 

fl61ctions of the first kinci28) : 

(7) !L = 4( n 0 
1 -5. 784n + 1 e-30.47n + 1 e-74. 89n+ ) 

's.7!l"i e Jo.1i7 "7li7ll9 ... 

For small values of n ( n < 0.04), i.e. in case of a small 

diffusion coefficient D, the difference between formula (7) 

and those for the parabolic flow is of the order of 10 %. 

In the case of large n values the difference becomes significant. 

For exaf1l)le, with n value o,f 0.5 the transmission given by 

formula (7) is 3,5 times lower than in the case of the 

parabol l c flow. 

In this work the diffusion coefficient is calculated 

separately for two kinds of particle. First, the diffusion 

coefficient for atomic particles ls calculated on the basis 

of the molecular theory of g�s mixtures27) . Secondly, the 

diffusion coefficient for particles with a size comparable to, 

or larger than, the mean free path of gas molecules is calculated 

from the semiempirical formula given by Fuchs28) as explained 

later on. 

Let us assume that recoi 1 atoms after thermal ization behave 

like gaseous particles. The diffusion coefficient for a particle 
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with mass m1 in a gas composed of molecules with mass m2 is 

. b. 2 7) 91 ven y :

(8) D 

where 

✓ 8 k T

k Bol tzman constant, 
T = abso 1 ute temperature of gas, 

n number of gas mo!ecules in cm3, 

cr12= t (cr1 + cr2 ) = average collision diameter, 

a1 (coll is ion) diameter of a particle, 

cr
2 

= (collision) diameter of a gas molecule, 

m reduced mass of m1 and mz.

It should be noted that the rms�distance, I<-;;- I 2 D t , 

given by equation (8) is by a factor of five larger than that 

obtained from the elementary formula used in our previous 

stud/ l l. The formula for calculating the effect of temperatu.re 

and pressure on the diffusion coefficient for atomic particles 

is as fol lows27l : 

(9) DT ,p 
T x 760 

0 ( i"ll1!":'i' l Pnmilg 



where 

DT,p = value at T°K and P mmHg ' 

D = value at 288.2°K and 760 nvnHg. 

The value of the experimental parameter x varies a 1 i ttle with 

the gas mixture but is generally close to 1.75. 

The diffusion coefficient for particles with a size 

comparable to or larger than the mean free path of gas molecules 

is given by the formu1/8l : 

( 10) 
r 

D = � ( 1 + A J_ + Q .!. e -ti;- ) , r r 611µr 

where \J and 1 are the coefficient of viscosity;and i:he mean 

free path of molecules of the transport gas. The diameter of 

a particle or a cluster is denoted by r. A, Q and b are 

experimental coefficients, the values of which depend mainly 

on the viscosity of the gas and the structure of the cluster 

surface. Values of A= 1.246, Q = 0.42 and b = 0.87 have 

been obtained for oil ch1ster.s·in ai?8l.-Because·.the values

of A, Q and b for helium and the cluster materials used in 

this work are not known, the values given for air and oil 

clusters were used in the transmission calculations in 

chapter 4. 2. 3-
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2 . 2 . 2 . Se di men tat i on 

In horizontal tubes, the settling of clusters on capi 1 lary 

walls becomes significant when the cluster size exceeds a 

certain magnitude. The critical magnitude can be estimated 

from the settling veloci.ty V
s 

of clusters. The vertical 

velocity of a particle in a gas with viscosityµ under 

. . l f . ' 
b h 

• ZB) 
grav1tat1ona orce 1s given y t e expression : 

(11) 

where r is the radius of the particle, p is the density of 

the particle and g is the acceleration due to gravity. The 

experimental constant A is close to unity. The second term 

in the equation can be neglected because 1 << r in cases 

where settling on the walls is significant. Losses become 

significant when the particle radius is above 1 .O µm. The 

settling velocity for a particle with a diameter of 10 µm 

and a density of 1 g/cm3 is about 1 cm/s. This means a

distance of 1 mm in 100 ms, which is a typical flow-through 

rate for a capi 1 lary with a length of a few meters. 

Assuming a parabolic flow profile, transmission through 

a horizontal tube under gravitational force is given by 



the expression28) 

( 12) 

where 

n 

n 
0 

K 

2 ( 2 K I 1-K2I3 + arc sinK 1I3 - K 1I3✓1-KZ/3) , 1T 

3 Vs L 

8 R °v 

Complete adsorption occurs when K = 1, or when the transmission 

time through the capi 1 lary is longer than ( 8/3 ) ( R/Vs ) . 

For a llliform flow profile, the transmission is smaller, and 

in the case of large particles, can lead to losses at the 

inlet of the capillar/ 8l. 
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3, Transport of recoi 1 atoms with pure he 1 i um 

3, 1. Experimental 

3. 1. 1. Recoi 1 sources 

Three different methods of recoi 1 production were used in 

this work. Recoils were obtained from the alpha decay of 227Ac, 

from proton induced reactions, and from fission. Fission 

fragments from a 252cf-source as well as from U-cargets 

bombarded by protons and neutrons were used. More detailed 

data of the sources are given in table I. 

The transport efficiency of the He-jet method is defined 

as the ratio of the number of col.fl ts measured from a catcher 

foi 1 in the collection chamber to the number of counts measured 

from another foi 1 placed directly on the recoi 1 atom source. 

The method of measuring transport efficiency as described 

above does not apply directly in the case of a 227Ac-source 

because of the gaseous decay product 219Rn. 227Ac decays mainly 

via the fol lowing path: 

a 
223Ra a 

219Rn a 
215p0 a 

21 lPb 6 
- 211 Bl 

... ... ... ... ... 

11 d 4.0 s 1.8 ms 36 min 2. 1 min 

The long 1 i ved n uc 1 i de 22 7 Ac insures a practically constant 

... 



Table 1. Recoi 1 production 

Hean s of production 

2 2 7 Ac-source 

(p,xn) reactions 

252 C f -sou rce 

nat.u (n ,f ) 

nat. U (p 'f) 

Charact eristics of th e source 

vacuum evaporat ed on Al-foil 

strength a:. 100 µC 

metal lie targets (Cu, Ni, Cd, Sn) 

thickness� 1 mg/cm2 

el ectrodeposi t ed on pla tinum disc 

amoL11t 2.5 µg 

cov ered by one 1 mg/cm2 gold foi 1 

metallic uranium on Ta backing 

thickness 25 mg/cm2 

metall)c uraniu m foil tar get 

thickness 45 mg/cm2 
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disintegration rate ( a recoil production rate). The other 

cractive members from 
219Rn to 

211
Bi are suitable for the 

measurement of transport properties. Because radon is not 

adsorbed onto a sol id surface at room temperature and because 

the half-life of 
215Po is short compared to the flowthrough 

time of heliU111 through the system 0.1 - 10 s), it is 

mainly 
211

Pb that is deposited on a catcher foil. Because 

a fraction of the 4.0 s 214Rn flows out of the target chamber 

before disintegration, a cor�ection is needed in determining 

the transport efficiency. If the measured 211Bi activity 

on the catcher foi 1 is a, then the activity a0 corresponding 

to no 
219Rn escape is 

(13) a "' 

0 

where A= 0.173 s-1 is the disintegration constant of 
219Rn 

and t is the average flowthrough time through the target chamber 

and the capillary. The flowthrough time through the target 

chamber is obtained by dividing the volume by the flow rate. 

The measuring time is assumed to be long compared to the half-

1 i fe of 
219Rn. 

If not otherwise stated, the above a-activity measurements 

were performed off-1 ine using collection and detection periods 

of 5 to 30 minutes. In the case of fission products, transport 

efficiencies were calculated from X-ray spectra or from known 

gamma transitions of certain fission products. Gamma transitions 

were also used in the case of charged particle induced reactions. 



3.1.2. Apparatus used at room temperature 

The apparatus was designed so that as many parameters as 

possible could be varied to find optimum conditions for 

efficient transport. The target chamber is an aerodynamically 

shaped metal cylinder with a teflon-surfaced interior. A fine· 

metal mesh is placed across the chamber for the purpose of 

making the flow profile uniform. Two chambers, 28 cm3 and 105 cm3 

in volume, were used. The 227Ac-source that was placed in the 

chamber was formed into a shape of a cylinder, the diameter of 

which was equal to that of the chamber. The catcher foil in the 

collection chamber was fixed to an adjustable holder that could 

be manipulated from outside. In other respects the equipment 

was as described in figure 1. 

Attention was paid to the purity of the commercial grade 

helium that was used in the experiments. The purity of the helium 

gas was guaranteed by the supplier to be 99- 998 % or better. 

Before entterthg the target chamber, the helium was passed through 

a cold trap filter that consisted of a spiral of copper tube 

immersed in liquid nitrogen. Later on, however, it was learned 

that a cold trap does not necessarily remove al I impurities 

from helium29) . Consequently, a series of tests was made without 

any filter, with a cold-trap filter, and with a ceramic filter 

that was known29) to adsorb impurities. No essential difference 

in the transport properties was observed. On the other hand, smal 1 

amounts of impurity ( > 100 ppm) purposely mixed with helium 

Increased transport eff i c I en cy drama t I ea 11 y. 
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3 ,1. 3. Apparatus used at liquid nitrogen temperature 

The characteristics of LN
2

-cooled hel !um-jet transport were 

studied via three different systems, viz. with recoils from 

227 
the Ac-soutce, with fission fragments from neutron induced 

fission, and with recoils from proton induced reactions. Later 

252 
on, a LN

2
-cooled Cf-source was constructed for the test 

purposes of an on-line isotope separator. Details of this source are 

given e l sewhe re30) . 

a) The_aeearatus_for_the_
22 7Ac-source 

The apparatus is shown diagramatical ly in figure 2. The flow 

rate of helium is measured with a rotameter before entering a 

cooler. When requl red, a ceramic fi lter29) and/or an active 

charcoal trap cooled with 1 iquid nitrogen can be inserted between 

the high pressure helium bottle and the cooler. The cooler is 

a copper tube, of 4.5 mm internal diameter, submerged in liquid 

nitrogen. According to simple heat exchange estimates, about 

1 m of the tube ls requl red to lower the temperature of the 

flowing He-gas to within a few degrees of the temperature of 

1!qufd nitrogen. Tha ?angths of ou1 tubes wer� 3 - 10 m. 

The recoil chamber is 2.5 cm in diameter and 9 ,5 cm long. 

It is made of brass, and sealed with a lead 0-ring. The first 

part of the teflon capillary is enclosed in a tightly fitting 

copper tube and sealed with a neoprene 0-ring. The telll)erature 

of the he 1 i um ins I de the chamber is measured with a thermocouple. 
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Fig. 2. Diagram of the He-jet recoil-transport apparatus 

cooled with liquid air or nitrogen. 

Sometimes it is difficult to obtain a high transport yield 

without cooling the whole system, especially with tra�sport 

distances of several meters. The properties of long cap I 1 larles 
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were investigated by winding them into circular coils of 0.5 m 

diameter and submerging the coils in liquid nitrogen. 

b) The_aeearatus_for _neutron_induced_fission 

In experiments with fission fragments, the experimental 

apparatus shown in fig. 2 . was used. The recoil source was 25 mg/cm2 

of natural uranium on a tantalum backing placed a few mi 11 imeters 

behind the tritium target of the Sames 150 kV neutron generator. 

Because the density of he 1 i um i S about 3, 7 times higher at LN2 
temperature than at room temperature ' a pressure of 2 atm in 

the recoi 1 chamber is adequate to arrest al 1 the recoi 1 ing fission 

fragments. Ranges of fission fragments in He vary between 2. 1 and 

2.6 mg/cm2 31), giving values of 1.5 - 2.0 cm at 2 atm and 

LN2-temperature. 

c) The _aeea rat us_ for_ cha rged_ea rt i c 1 e _induced_ reco i 1 s 

The target assembly placed in the cyclotron beam 1 ine is 

shown schematically in fig. 3. 

The chamber was designed to be used both with a helium-jet 

cooled by 1 iquid nitrogen and with a carrier-loaded helium-jet 

operated at room temperature. In studies with the 227Ac-source, 

it was found that both the source chamber and the initial length 

of the capillary must be carefully cooled for efficient transfer 

of activit/ 1 ). Consequently, the space next to the reaction cell 



is f i 11 ed w i th LN2, and the cap i 11 a ry can be coo 1 ed over its 

entire length by immersing it in LN2• Prior to entering the 

target chamber the helium is precooled in a 2 m spiral shaped 

copper tube ( 5 mm i .d. ) placed lnsi de the LN
2 container. The 

first 30 cm of the capi 1 lary ( i .d. 0.8 mm and wal 1 thickness 

0.1 mm) leading from the reaction chamber to the collection site 

is of Cu-Ni alloy and the rest is of teflon. Lead 0-rings are 

used as seals between different parts of the assembly. 

IZZl STAINLESS STEEL 
Ei:SJ ALUMINUM 

� BRASS OR COPPER 

0 2 4 6 8 10 

cm 

T EFLON 
CA PILLARY 

He IN 

COLLIMATOR 
-Ta 

-COOLING 

�----!c'<+--Ni-WINDOW 

BEAM 
MONIT OR 
Ta 

-COOLING 

FI g. 3. Diagram of the target assembly. Detailed description 

is given in the text. 
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The beam enters the target chamber through a collimator and 

a 12 mg/cm
2 

Ni window. The beam current is monitored by a water­

cooled tantalum plate placed behind the exit window of the chamber. 

The estimated rise in temperature due to energy losses in windows 

and in the helium is a few degrees for 1 µA of 20 MeV protons. 

Several target foils can be stacked in the target holder placed 

inside the target chamber. 

3.2. Results at room temperature 

A number of measurements were made with the 
227Ac-source to 

find out how much the transport efficiency depends on the length 

and the diameter of the capillary and on the pressure of the 

target chamber. These parameters define the flow properties of 

the system. On the other hand,the distance of the catcher foil 

from the capillary was varied to find the optimum collection 

efficiency for each flow. This was necessary because the adhesion 

of recoil atoms to the catcher foil depends strongly on the foi 1 

distance and the mass throughput of helium. The adhesion 

probabi 1 ity was found to be independent of the collection chamber 

pressure in the range O. 05 to 1. 0 torr. 

The results for capillaries of varying lengths and with 

an inner diameter of 0.8 mm are summarized in table 11. The 

experimental transport efficiencies are corrected for the Rn escape 
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given by formula 13 , For comparison, the calculated capillary 

transmissions are given in the last column. 

Table I I. Maximum transport efficiencies for capillaries with 

an inner diameter of 0.8 mm. The last column gives 

the theoretically calculated capillary transmission. 

Length of Pressure Flow Maximum Ca 1 cul ated 

�ap i 11 a ry in target rate efficiency capillary 

chamber transmission 

(cm) (atm) cm3 /s (%) (%) 

15 0.6 128 36 48.0 

30 0.8 100 17 29.6 

60 1. 2 71 8.4 12. 7 

100 1. 7 55 3,3 5. 1 

The Reynolds number with the parameters given above was 

between 1000 - 1200, indicating a laminar flow. The capillary 

transmission was calculated with the aid of formulas (5) and 

(8) given in chapter 2.2.1. In the calculation of the 



diffusion coefficient, a collision diameter of 6 J.. and a mass 

of 2 11 was assumei 1 •27•32), The collision diameter of a He 

atom was taken to be 2 J..32) , The value of the diffusion 

coefficient was 0. 32 cm2/s at the temperature of 293 Kand 

the pressure of 1 atm. 

The error in determining the experimental transport 

efficiency was typically± 10 %. Calculated transmissions are 

consistently higher than experimentally determined efficiencies. 

The difference can be explained by the losses in the target 

chamber, at the capi 1 lary inlet, and on the catcher foil, that 

could not be taken into account in the calculations. Moreover, 

formula (5), where the parabolic flow profile was assumed, is 

not entirely valid. The parabolic flow profile is reached within 

the first 4 cm from the mouth of the cap I 1 lary. For long 

capillaries, the effect of this developing distance is small. 

For capillaries with a length comparable.to:the developing 

distance the error that is made in calculations becomes 

significant as was shown in chapter 2.2. 1. when comparing the 

transmissions of parabolic and uniform flows. 

In order to obtain additional information the adsorption 

distribution in a capillary was measured19) . The result is 

shown in fig. 4. 
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Fig. 4. Distribution of radioactivity adsorbed on the walls 

of the teflon capillary when transported by means of 

pure helium. The curve shown ls meant only to assist 

In the reading of the figure. 
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The first two mi 11 imeters of the capillary were inside the 

target chamber. Thus the first point in. the curve represents 

the sum of activities adsorbed both on the inner and the outer 

sides of the capillary. However, the form of the curve shows 

clearly the effect of the developing distance ( 4.5 cm). In 

this case the transport efficiency on the catcher foil was 

about 4 %. Presumably most of the remaining 39 % is adsorbed 

into the target chamber walls. 

On the basis of the considerations given above It is evident 

that the transmission formulae (5) and (6) are applicable in 

the case of atomic particles, i.e. in cases, where no carriers 

are used. 

3.3. Results at LN
2 

temperature 

3.3. 1. Total efficiency 

A systematic study was performed to find out how far the 

transport efficiency depends on the length of the transport 

1 ine, when the system is used at the temperature of 1 !quid 

nitrogen. A considerable increase in the transport efficiency 

was achieved when the temperature of the system was lowered 

to the value of about 80 K. These measurements were made with 

recoils from the 
227Ac-source. The results were confirmed



with recoi Is from (p,xn) reactions and with fission fragments. 

A summary of the results is given in table 111. 

The pressure and the flow rate of the he! ium were measured 

at room temperature ( z:20°
c ) before going to the cooler and

the target chamber ( see fig. 2. ) • The flow rate through the 

target chi¥!1ber was obtained by multiplying the measured value 

by the ratio of the temperatures. With the capillaries, and the 

parameters given in table 111, the Reynolds number was typically 

over 3000. However, the flow was assumed to be close to laminar, 

because only a smooth change in the transport efficiency was 

observed 1·1hen the critical value of the Reynolds number (= 2300) 

was exceeded
21) . 

As discussed in chapter 3, 1.1. a considerable fraction of 

219Rn recoi 1 atoms may escape from the recoi 1 chamber through 

the capillary before they decay by alpha-decay into 
215Po.

At room temperature radon is not adsorbed onto the catcher foi 1. 

The efficiencies corresponding to uncooled capi 1 laries were 

corrected for radon escape using formula (13). In the case of 

cooled capi 1 laries, the temperature of the catcher foil was found 

by measurement to be lower than the melting point of radon 

-71
°

c ) and the correction was omitted.

The capillary transmission for a particle with A= 211 and 

a diameter of 6 J.. was calculated only in well defined cases, i.e. 

in cases where the whole system including the full length of the 

capi 1 lary was cooled with 1 iquid nitrogen. The diffusion coefficient 

was calculated from formulas (8) and (9). The capillary transmission 



Table I I I. Results obtained with the LN2-cooled He-jet apparatus.

Length of 
cap i 11 ary 

(m) 

1.0 

2.5 

s.o

10.0 

2.5 

5.0 

10.0 

Table gives maximum efficiencies for different transport 

distances. The last column gives the theoretically 

calculated cap! llary transmission. 

Diameter of Capillary Pressure Flow rate Maximum 
capillary cooled in target (at T=80 K) efficiency 

chamber 
(cm3/s) (mm) (atm) (%) 

0.8 no 1.5 25.3 78 ± 10 

0.8 no 2.5 11.6 27 ± 5 

1.0 no 3.0 11. 7 19 ± 5 

1.2 no 3.0 11. 3 4 ± 2 

o.8 yes 2.5 21.2 20 ± 5

1.0 yes 1.5 2 7. 3 20 ± 5 

1.2 yes 2.0 26.0 18 ± 5 

Calculated 
capillary 
transmission 

(%) 

I 

40 

2 3 

3 ,2 

0.5 
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was calculated according to formula (5). Both calculated and 

measured efficiencies show that LN
2

-cooled helium transports 

recoi 1 atoms with reasonable efficiency up to a distance of 

2.5 meters. The difference between the calculated and measured 

results over longer transport distances can be caused by several 

factors. First, the validity of the formula used in transmission 

calculations has not been confirmed at low temperatures. Moreover, 

the high value of the Reynolds number suggests that the radial 

flow profile differs from that of a fully developed laminar 

flo1, leading to the invalidity of formula (8). Secondly, the 

presence of impurities in helium (:$ 20 ppm) probably influences 

the yields to some extent. 

In the case of noncooled capillaries, there is heat transfer 

to a subsonic flow, which results in an additional increase in 

velocity along the capillary. Because of uncertainties in 

experimental conditi-ons, the velocity distribution could not be 

calculated. However, the average time a particle spends in the 

capillary is shorter than the time given by formula (4). This 

might be an explanation for the high experimental transport 
• 

efficiency in the case of one meter capillary. 

In order to see if the LN2-cooled system could.be used for

the transport of charged particles induced recoils, a cyclotron 

run with 
60cu recoils was performed. The recoils were obtained 

from 
nat'Ni (p,xn) reactions with 15 MeV protons. The proton

current was 100 nA. The 6 m capillary ( i .d. 1.2 mm ) was cooled 

over its whole length. With pressures of 380 torr and 0. 13 torr 



in the target and collection chambers and with a flow rate of 

47 cm3/s (STP), the efficiency was about 10 %. This is by a 

factor of two lower than the experimental values shown in 

table I I I. 

3 , 3.2. Role of impurities 

As described earlier, special attention was paid to the 

purity of the commercial grade helium. Several kinds of filters 

were used in order to reduce the original impurity level (20 ppm). 

No essential differences in transport properties were observed. 

The diameter of an impurity cluster leading to a calculated 

capillary transmission of 18 % in case of a 10 m capillary is 

1 3 A ( compare table 111 ) • The impurity concentration of 2 0 ppm 

corresponds to the cluster concentration of about 3 x 10
12 

clusters/cm3 at the temperature of 80 Kand pressure of 2.0 atm. 

According to simple estimates 32) the corresponding collision 

frequency between a given, Lhermalized, recoil atom and clusters 

would be about 700 collisions per second, which in favourable 

conditions can lead to the adhering of a recoi 1 atom onto a 

cluster. However, one should compare the 2 0 ppm impurity level 

to those needed in the carrier-loaded He-jet method. There the 

minimum concentrations are about one order of magnitude higher. 

On the basis of the above-mentioned considerations and the 

results given in the previous chapter, it appears likely that 

impurities increase the yields to some extent, especially In the 

case of long capi 1 laries. 



3,3,3, Transport of fission products 

Fission products differ from alpha-decay recoils in several 

·respects that may influence the transport efficiency: their 

ranges in helium (STP) extend over several centimeters, their 

masses are roughly half of those of the alpha-decay recoils, 

and many more elements with different chemical properties are 

involved. 

In the study of the fission products, the apparatus described 

in chapter 3,1,3. was used. The capillary was 2,7 m long and 

0.8 mm in diameter; it was not cooled. The pressure in the 

recoi 1 chamber was 3,0 atm. Two X-ray spectra obtained with 

an 80 mm
2 

x 3 mm Si (Li) detector are shown in fig. 5, The

upper spectrum was recorded from a plastic foi 1 that was placed 

immediately behind the uranium target during a neutron bombardment, 

The lower one was measured from a sample that was collected 

on a catcher foi 1 by means of the he 1 i um-jet technique. 

Collection time was 20 min and measuring time 40 min in each 

case. The groups were identified on the basis of K
a

-energies. 

The similarity of the two curves is striking. In table IV 

transport efficiencies determined from the spectra are 1 i sted 

for a few chemical elements. 
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Fig. 5. X-ray spectra obtained from fission products. Direct 

recoi 1 collection was used in the upper spectrum and 

the LN
2

-cooled He-jet transport technique in the 
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Table IV. Experimental transport efficiencies for sorre elerrents 

produced by nuclear fission. The efficiencies were 

determined from the Ka-groups of the X-ray spectra 

shown in fig. 5 . 

Element 

Tc 

Ru 

Sb 

Efficiency 

(per cent) 

30 ± 10 

27 ± 7 

27 ± 5 

24 ± 5 

These special examples indicate that (1) transport 

efficiency is largely independent of the cher:::cal nature of 

the elements, and (2) efficiencies for fission products are 

roughly equal to those obtained for alpha-decay recoils 

under similar conditions. These rules appear to be roughly 

valid for many chemical elements and for a variety of 

expe r i men ta 1 c�di tlons. 
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4. Transport of recoil atoms with carrier-loaded. helium 

4.1. Experimental 

In this section the emphasis in the description of the 

transport apparatus is on the detai is that are relevant to 

the use of carriers. The same experimental techniques for 

recoi 1 production ;ind transport as those des;cribed in chapter 

3. 1. were used.

Several carrier substances were used; some of .them were

gaseous at room temperature and pressure, others were I iquid 

or solid. The section of the He-jet apparatus that was used for 

carrier production is shown in figure 6. In the case of gaseous 

carriers (X}, the vaporizer was refTY ,.:J from the 1 ine and 

carrier concentration was regulated by the needle valve in the 

carrier feed-I ine. Liquid and sol id carriers were introduced 

into he! !um by passing it through the vaporizer containing 

the carrier substance. The vaporizer is simply a chamber with 

volume of��=-� '.,O cm3 placetl i11�itl" dt1 t!lt!ctrlcally-heated 

oven. The temperature of the oven for 1 iquid carriers could 

be varied from room temperature up to 200°c and for sol id 

carriers from room temperature up to 1000° c. The concentration

of carrier substance flowing to the target chamber was 

control led by the vaporizer temperature and by the flow rate 

through the vaporizer. The total flow through the target chamber 

was kept constant by the second helium 1 ine ( fig. 6.). 
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Fig. 6. Schematic diagram showing different steps 

in the carrier production. 

4.2. Results 

4.2.1. Transport efficiencies obtained with different carriers 

The necessity for carrier clusters in achieving high 

transmission yields is fairly we! I ·understood on the basis 

of calculations concerning the internal energetics and 

diffusion properties of the He-jet. However, there are still 

many unsolved problems related to the role and the behaviour 

of the carriers in the transport mechanism. The nature of the 

carrier clusters, the binding between these and radioactive 

atoms, the chemical selectivity with respect to the nature 

of the cluster, the effect of impurities on flow properties 
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and the expansion of helium and cluster beams from the 

capillary exit are all matters not well understood. 

In this work several carrier substances of different 

chemical and physical natures were used. Clusters can be 

produced in several ways. Different kinds of aerosol generators, 

b bb 1 · h b d h be d 1 , 13 , 14, 16 , 1 7, 1 8) u 1ng c am ers, an evaporators ave en use . 

Even transport gases originally above critical temperature 

and pressure have been used to generate clusters in the gas 

itself14) . In this work, the evaporation technique was usei 0 l. 

The formation of clusters is believed to take place in 

two ways. In the first place, they are formed through condensation 

and subsequent coagu,lation of vapor into small droplets when 

the mixture of helium and vapor flows out of the vaporizer. 

Secondly, ionic condensation cen_ters, created by the radiation 

in the target chamber, increase the formation of clusters. 

This ionization is caused by alpha-particles, fission fragments, 

recoil atoms from (p,xn) reactions and by the primary charged 

particle beams passing through the target chamber. 

A number of measurements were taken with different gases 

or vapors mixed with he 1 i um. The transport apparatus was used 

in the standard fashion as described earlier. The concentration 

of I iquid or sol id carriers was regulated on Ty by the temperature 

of the vaporizer, and the second I ine shown in fig. 6. was not 

used. The lengths of capi 1 laries were 4.0 or 6.0 m and .t11e 

diameters 0.6, 0 .8 or 1. 0 mm. The pressure in the target chamber 

varied from 1. 0 to 3, 0 atm and in the collection chamber it was 



less than 0.1 torr. The distance of the catcher foi 1 from 

the capillary exit was 10 mm. 

Maximum transport efficiencies obtained in the experiments 

are 1 isted in table V. 

227 
In the case of the Ac-source, acetylene ( c

2
H

2 
) as a 

carrier did not bring about any noticeable improveirent compared 

to pure helium. Transport efficiencies with a mixture of 

propane and butane ( 43 % c
3
H8 + 54 % c

4
H
10 ) , with carbon 

tetrachloride ( CC1
4

), and with trichlor-trifluor propane 

( CF
3
C(Cl) :CC1

2 ) were roughly an order of magnitude higher. 

The variation of the efficiency in repeated experiments was 

large, however, indicating inadequate control of the process. 

In the case of vacuum pump oil very high transport efficiency 

was obtained at a relatively low concentration of the carrier. 

Nearly the same result was obtained for the transport of fission 

products. The reproducibility of the results with oil vapor 

1-ias good.

The results for the transport of recoils from the proton­

induced reactions differed markedly from those obtained from 

the 
227

Ac-source. This can be seen by comparing the results 

of the experiirents performed with the mixture of propane and 

butane. The yield was one order of magnitude higher for 

60
cu recoils than for 

211
Pb recoils obtained from the 

227Ac­

source. A similar trend has also been folXld in the case of 

cc1
4 

as an additive. In this work the transport efficiency 

was ireasured to be only 1 %. Schmidt-Ott has measured an 



Table V. Maximum transport efficiencies obtained with different car�iers. 
Partial pressures were taken from ref. 20, 33, 34. 

MEARs OF 
RECOIL 

PRODUCTION 

227Ac
227Ac
227Ac 
227Ac 
227Ac

nat.NI (p,xn)60Cu
nat.NI (p,xn)60

Cu 

nat. 5n (p ,xn) 1165b 

nat.U(n ,f) 

252Cfa) 

252
Cfa) 

CARR I ER 

C2H2 
C3H8+C4H lO 

CC14 
C F3C(C l) :CC12 

OIL 

C3H8+C4H lO 

NaCl 

NaC l 

OIL 

NaCl 

SnC12 

CAPILLARY TARGET 
CHAMBER 

L � PRESSURE 
�ml (mm) (atml 

4 0.6 2.0 

4 0.6 3.0 

4 o.6 2.0 

4 0.6 2.0 

4 0.6 2.0 

6 1.0 1.0· 

6 1.0 1.0 

6 o.8 1.5 

4 0.6 2.0 

4 0.8 2.0 

4 0.8 2.0 

a) target chamber cooled with liquid nitrogen 

FLOW 
RATE 
(STE;J 
(cm £'.'.s) 

17 

25 

17 

17 

17 

25 

25 

24 

17 

60 

60 

VAPORIZER 
TEMPERATURE 

!OCl 

gas 

gas 

20 

20-50 

120 

gas 

750 

750 

120 

750 

280 

CARRIER EFFIC IENC Y 
PARTIAL 
PRESSURE 
!��ml !�l

1.5-150 � 0. 1 

20 - 30 "'-1 

80 "1 

20-100 "- 0 .5 

0.4 70 
' 

0 

20 - 30 10 I 

0. 1 25 

0. 1 15 

0.4 60 

0. 1 70 

0.3 40 
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efficiency of 48 % for Dy recoils obtained from the reaction 

141Pr ( 14N, Sn) 150Dy 35). 

The use of solid particles as carriers was also tested. 

In cases of NaCl and SnC12 high transport yields were observed. 

It should be noted that, in experiments with fission products 

from the 252cf-source, the source chamber was cooled with 

l i quid nitrogen 

On the basis of the above results the hypothesis of two­

fold cluster formation process seems to be justified. Some 

of the carriers can condense into stable droplets even before 

arriving in the target charober, being typically liquids and 

solids that have very smal 1 vapor pressures at the temperature 

at which the He-jet apparatus is operated. On the other hand, 

especially in the case of cc14 and c3H8 + c4H10 , the intensity 

of the ionizing radiation seems to have an effect on the 

cluster formation and consequently on the transport efficiency. 
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4. 2 . 2. Concentration of the carrier 

The amou,t of carrier substance in the transport gas 

depends on the vapor pressure of the carrier and on the flow 

rate of helium through the vapori:l:er. In general, the pressure 

of a saturated vapo r depends on the temperature according 

to the relation 1 0 109 p = A - B/T, where p is the saturated

vapor pressure (torr), T is the absolute terrperature (K) and 

A and B are constants27). Figure 7. shows this dependence 

graphically for the vapors that were used in this work20 ,33,34).

The curve for NaCl is not shown in the figure. It has a vapor 

pressure of 3. 0 x 1 0 -2 torr at 700
°c and 3.8 x 1 0

-l torr 

at 800
°C 34) 

On the basi 5 of the curves, it is evident that acetylene 

(C
2

H
2) and propane (c3H8) cannot form droplets in the transport 

system when operated at room temperature. For other compounds, 

condensation is possible before arrival in the target chamber. 

Table V shows that the higher the vapor pressure is the lar.ger 

amornt of carrier substance is needed for efficient transport. 

In cases of vacuum pump oil, NaCl and SnCl
2 

the partial pressure 

of the carrier is of the order of 0 .1 torr, which is two orders 

of magnitude lower than the partial pressures of the other 

substances used. Because of the problems caused by the high 

vapor pressure when coupling the He-jet method to the ion source 

of the isotope separator, the subsequent studies were performed 



with carriers having low vapor pressure and thus low 

con cent ration. 
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Within wide 1 imits transport efficiency does not depend 

"oticeably on the target chamber pressure when carrier-loaded 

helium is used. Instead it turns out to be highly sensitive 

to changes in the concentration of the carrier. The optimum 

condition is a balance between insuring adequate cluster 

formation and keeping the system clean. 

A number of experiments were performed to determine the 

optimum carrier concentration for proper operation of the 

transport system. Vacuum pump oi 1 and NaCl were used as carriers 

in these experiments. Two exa"1)les of the measurements obtained 

are shown in figure 8. In these measurements the concentration 

of the carrier vapor in the helium was regulated only by the 

temperature of the vaporizer and the second 1 ine shown in 

fig. 6. was not used. The flow parameters were the same as 

those given In table V. 

The steep rise of the curves at lower temperatures c;in be 

111derstood in terms of the rapid change of the saturated vapor 

pressure with increasing temperature ( see fig. 7.). When a 

certain concentration of the carrier is reached, practically 

all produced recol ls are adsorbed by the clusters and the 

curves level-off. Comparison of the two curves shows that 

recoils from the Ni (p,xn)-reaction are transported with a 

considerably lower efficiency than recoils from the 227Ac-source. 

The difference is possibly due to the small ranges of recoils 

(-. 1 rrm) from proton induced reactions, and low cluster 

concentration near the target surface. Alpha-decay recoils 



are produced via the decay. of the gaseous 
219Rn and can reach 

the higher concentration area in the target chamber. 
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Fig. 8. Transport efficiency as a function of temperature 

of the vaporizer. The curves are not fitted through 

the experimental points. 
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The calculated mass flow of carrier vapor from the 

vaporizer was 0.1 mg/s in the case of oil, at the temperature 

of 127°c. The cor·responding value for NaCl was 0.01 mg/s at 

the temperature of 750°c. On the other hand, the amount of 

carrier substance adsorbed on the catcher foi 1 during the run 

was typically by a factor of five smaller than the value obtained 

from the mass flow of vapor. Thus, a considerable amount is 

adsorbed in the transport system. Transmission calculations, 

to be presented in the fol lowing chapter, show that the main 

area of loss is the line between the vaporizer and the target 

chamber. 

4.2.J. Size of carrier particles 

Typically, the diameters of clusters produced by evaporation 

extend from 10-J µm up to diameters of 0.1 1.i'm 36). During

transportation into the target chamber, the cluster size 

distribution is further affected by the growth of pattic1es 

by coagulation into and out of various size ranges28,36). 

The size range of clusters entering the target chamber is 

finally determined by the transmission properties of the line 

connecting the vaporizer to the target chamber. The calculated 

transmission for two different systems, which are at present 

used to transport activities into the ion source of the isotope 
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separator, are shown In fig. 9. Calculations were performed 

with the formulae given in capters 2.2.1. and 2.2.2., assuming 

a parabolic flow profile. The density of a NaCl cluster was 

taken to be 2. 16 g/ cm3 33) . 
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Fig. 9. Calculated transmission of NaCl clusters through 
the He-jet system. Target chamber pressures: 
A 1.5 atm, B 2.0 atm. A detailed description of 
the figure is given in the text. 
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The upper curves represent the transmission for the 

apparatus used to transport recoi Is from the target chamber 

placed in the cyclotron beam I ine. The tube connecting the 

vaporizer and the target chamber has a length of 10 m and 

a diameter of 4 llYTl. A comparison of the two curves shows that 

clusters which enter the target chamber and have a radius 
-4 

greater than 10 cm ( = 1 µm are transported with very smal 1 

losses through the capillary. In the size range below 10-G cm 

( 0.01 µm) the two curves are close to each other and considerable 

losses are predicted in the capillary. 

The lower curves represent the transmission for the 

apparatus used to transport fission products from the 252cf-source ..

In this case the transport 1 ine from the vaporizer to the 

Cf-chamber is composed of a tube, having a length of 7.5 m 

and a diamroter of 4.3 mm, coupled to three parallel tubes with 

a length of 7-5 m and a diameter of 3.3 llYTl each. The width of 

the transmission curve through the connection tubes is considerably 

smaller than that of the capi I lary. This results in small losses 

in the capillary both In the case of small and large clusters. 

Using the present method of cluster production, the exact 

regulation of the sizes as 1-1ell as of the concentrat-ion of 

clusters is not poss.i ble. However, the line between the cluster 

generator and the target chamber can be used as a filter to 

remove. those sizes that are not well transported through the 

capi I lary. On the other hand, the cluster concentration can be 

affected by changing both the temperature and the helium flow 

rate in the vaporizer. 



In order to get an idea of the cluster size distribution, 

a series of measurements were taken wi"th fission products from 

the 252cf-source by changing the te1r4>erature and the flow rate

in the vaporizer. The pressure in the source chamber was kept 

at 2 atm and the total flow through the system was 39,2 cm3;s 

(STP). Fission products were collected on a moving tape, and 

gross 13-activity was continuously monitored by a plastic 

scinti 1 lator. The transported activity was measured as a function 

of the flow rate through the vaporizer at several temperatures. 

It was observed that the yield increased rapidly at a certain 

flow rate to a maximum value and remained essentially constant 

up i:o the maximum flow rate used. The results are summarized 

in table VI. The second colurrn gives the minimum fraction of 

the flow through the vaporizer ( = �/QTOT ) corresponding to

the maximum yield given in the last colurrn. The third and fourth 

colurrns give the calculated minimum and maximum mass flows of 

NaCl between _which the yield stayed constant. It is interesting 

to note that the yield starts to decrease at temperatures above 

Boo0c. It is obvious that, at high concentrations, coagulation 

effects give rise to an increase in average cluster size. Clusters 

having a size well above 1 µm wi 11 not be transported to the 

target chamber. Consequently the cluster concentration wi 11 

decrease giving rise to a decrease in the transport yield through 

the capillary. The amount of NaCl adsorbed on the catcher was 

fo111d to fol low the behaviour of the yield, confirming the 

decrease In the concentration at high tel11)eratures. 
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Table VI. Dependence of transport yield on mass flow of NaCl. 

Temperature ClzlQTOT Mass flow of NaCl Relative 

(minimum) min. max. yield 

(oC) (µg/s) (µg/s) 

600 0.07 0.04 

650 0.7 0.3 0.5 0.67 

710 o.s 1.4 2.8 0 -93 

750 0.5 3-9 7.8 1.00 

800 0.4 10.4 26. 1 0.96 

840 0.3 17 .0 56.5 0.70 

The reduction of the carrier mass flow by the method of 

flow fractioning is of great practical importance in the 

coupl Ing of the carrier loaded He-jet to the ion source of 

the isotope separator. The minimum mass flow of NaCl from 

the vaporizer at the te�erature of 750°C was 3.9 µg/s, 

corresponding to the concentration of about 500 ppm ( in 

weight) and 30 ppm ( in volume). If .the average cluster 

size were 0.1 µm and there were no losses In transport to 

the target chamber, the concentration of NaCl clusters 



( p = 2.16 g/cm3 
) in the target chamber would be 2.4 x 107 

clusters/cm3. If the radius were 0.5 µm, the corresponding 

concentration would be 1.9 x 105 clus"ters/cm 3. These numbers 

are of the same order of magnitude as those given by Wiesehahn 14). 

4.2. 4. Chemical selectivity 

In general, the transport mechanism does not appear to be 

selective with respect to chemical elements. This argument has 

been verified by the use of a variety of cluster materials and 

reactions throughout this study. Results seem to indicate that 

the interaction between thermal ized recoils and clusters is 

something 1 ike physical adsorption due to Van der Waals-type 

bindings. 

This is supported by the successful radiochemical separations 

made for sa"1)1es that were collected by the He-jet methoi). 

In the experiments where the radioactivity was brought into a 

liquid phase, 211Bi was separated from 211Pb by means·of a

dithizone extraction4) . The separation yield was almost 100 %. 

Extraction was also used for radiochemical separation of fission 

products. The mixture of propane and butane, CF
3
c(Cl) :CC12, and

vacuum pump oil were used as carriers in these experiments. With 

a strong chemical binding between the active atoms and the carrier 

molecules these separations would not have been possible. 
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s. 0n-1 ine isotope separation employ.ing the He-jet technique 

5. 1 . General 

In most on-l lne separator systems, the primary beam from 

the accelerator passes through a target that is placed in the 

22 2324) ion source of the separator • • . Because of therr l<.i.netic 

energies, the recoil atoms to be separated are buried in the 

walls of the ion source. They are partly returned to the plasma 

by thermal diffusion but time delay and loss of ·Intensity cannbt 

be avoided. This type of technique is inherently applicable 

only to volatile nuclides and their daughter activities. Another 

way to perform on-1 lne mass separation is to produce radioactive 

atoms outside the Ion source and transport them into the source 

by means of diffusion or gas flow. The diffusion technique is 

applicable only in the case of highly volatl le elements and 

requires very high temperatures and comp] icated technical 

constructlons22 •23•24). The transport of activities into the 

ion source using helium gas as a transporting medium is a 

promising alternative to the methods mentioned above?-ll). In 

general, the He-Jet method is not selective with respect to 

chemical elements; nonvolati le elements can be brought into the 

ion source as easily as volatile ones. The choice of :the ion 

source and the design of the delicate coupling of the He-jet to 



it then become major factors that determine the efficiency 

of the entire system. 

The use of helium rather than some other transport gas has 

several advantages. Its chemical inactivity, Its ·resistance to 

nuclear reactions and its high ionization potential are al 1 

factors wh i eh favor the use of he 1 i um. The high ionization 

potential allows high flow rates into the separator vacuum 

system without difficulties as far as voltage breakdowns are 

concerned. The choice of carrier substance has great practical 

importance. In this work, NaCl was used as carrier ir experirner;ts 

with the isotope separator. Organic carrier substances were 

thought to cause difficulties in the operation of the ion source 

and also to lead to inter-contamin·ation between adjacent masses 

in the mass separation. Moreover, the low vapor pressure of NaCl 

even at high temperatures is i�ortant in minimizing the effect 

of temperature on cluster dissociation and thus on divergence 

of the beam of clusters entering the skimmer/ion source syste�. 

The high-voltage stability of the separator is also improved 

co�ared to the situation with carriers with high vapor pre�s�re. 

The system used in this work consists of a target chamber • 

mounted in the external beam 1 lne of a 90 cm cyclotron; an 

ISOLDE I-type isotope separator; and a flexible He-jet system 

that connects the target chamber to the separator ion source. 

When desired, the target chamber can be replaced by the 
252

Cf

or 
227Ac-source. Two different combinations of helium-jet and 

ion source were investigated: one employing a pure helium-jet 



at liquid nitrogen temperature connected to a IHelsen type 

ion source, and the other employing a NaCl-loaded helium-jet 

in combination with a hollow cathode Ion source. 

5.2. Experimental 

5.2.1. He-jet apparatus. 

Both the liquid nitrogen-cooled and NaCl-loaded He-jet 

techniques were used. The experimental apparatus was the same 

as described in chapters 3.1. and 4.1. The efficiency of the 

system was 111:!asured off-line by alpha-, beta-, X-ray and 

gamma counting. 

The coupling of the transport capillary to the isotope 

separator is shown in fig. 10. The gas jet expanding from the 

capillary is directed into the ion source through two consecutive 

skinmers. The skirmiers remove the bulk of helium, but let heavy 

clusters pass through. The skirmier chamber is evacuated with 

a Roots blower, and the space between the two skiITT11ers with 

a diffusion pump. The acceleration chamber of the separator 

is evacuated by a separate diffusion pump. 

The skimmer chamber is at the high potential ( 60 kV) of 

the ion source while the target chamber and the Roots blower 

are at ground potential. To prevent electrical discharges, 
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a voltage divider consisting of a series of metal-net electrodes 

was built inside the PVC-plastic tube, 3 m long and 20 cm in 

diameter, that connects the skimmer chamber and the blower. 

The total resistance of the line is 340 Mrl corresponding to 

"dark" current of 150 µA, when the ion source is run at 50 kV 

potential. This current corresponds to about 30 % of the 

capacity of the present high voltage power supply. The maximum 

helium pressure that can be maintained in the skimmer chamber 

without a voltage breakdown is about O. 15 torr. The connection 

line reduces the pumping speed by a factor of two. 

5,2.2. Coupling of the cooled He-jet to the Nielsen ion source 

The width of the angle into which the transported radio­

active atoms spread at the capillary exit is an important 

factor in the choice of the ion source and in thec·design;·of 

the skimmer/ion source geometry. The average angle of divergence 

for 211Pb recoils was measured to be 11 ± 2° for cooled 

helium2°l . At room temperature the angle of divergence for 

atoms of mass number A= 220 has been measured to be 30° l). 

The standard Nielsen type ion source 37l with Its large 

volume ( 31 cm 3) and inner diameter ( 2. 7 cm) allows a wide 

angle of divergence and was therefore chosen for use with a 

cooled helium-jet. The ion source and its coupling to the He-jet 

capi 1 lary is shown in fig. 11. The choice of the skimmer 

diameters is determined by the angle of divergence of activities 

and by the pumping capacity of the system. On the other hand, 
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the mass throughput of helium should be high in order to 

achieve efficient transport through the capillary. The first 

and second skimmers have hole diameters of 1.25 mm and 2.0 mm, 

respectively. The distance from the end of the capillary to 

the first skimmer ts 8 mm corresponding to an acceptance angle 

of about 9 °. The flow rate of helium through the capillary was

typically 50 cm 3/s, corresponding to a pressure of 0. 14 torr 

in the skinrner chamber. Pressures, measured at the pump in lets, 

in the ion source region, and in the lens chamber, were 

8 x 10-5 torr and 10-6 torr. 

In order to achieve higher temperatures, the end plate 

and the anode cylinder of the ion source were connected to the 

same potential. The extraction hole was 1.5 mm in diameter. 

Xe was used as a support gas and as a mass marker when possible. 

The pressure inside the source·.was estimated to be about 10-2 

torr. Characteristic values for ion source operation were: 

anode current 1.5 A, anode voltage 60 V, filament current 36 A 

and fi larrent voltage 7 V. Typically, the extraction electrode 

to ion source distance was 10 mm and the extraction voltage 17 kV. 

With these parameters, an Xe current of 50 µA an·d an He current 

of several µA were obtained. In these conditions the mass 

resolving power was about 200. The lifetime of the ion source 

or the filament is of practical importance in the operation of 

the source. The Nielsen source, with pa rame te rs given above, 

could be operated for several days without a breakdown. 



5.2. 3. Coup I ing of the NaCl-loaded He-jet to the hollow 

cathode ion source 

The carrier loaded He-jet coupled to an ion source has 

some important advantages over the cooled He-jet. Two of 

these are the high transport effciency with long capillaries 

and the smal 1 angle of divergence of the heavy clusters. 

The latter allows the use of small-volume ion sources 1 ike 

the different versions of the hollow cathode sources described 

by Sidenius 38 •39). 

Several versions of the hollow cathode source, with both 

cathode and anode extraction, were tested. The latest and 

the most promising version i s pre sen te d in fig. 12. The di ame te r 

of the extraction hole was 0.5 mm and that of the plasma 

expansion cup 1.5 mm. A 1 arge r extraction ho le caused 

instabi 1 ities. The diameter of the plasma colurrn between the 

filament and the anode was varied. Experiments with the pair 

141 . 141 of fission products Cs+ Ba showed that equal efficiencies 

were obtained with diameters of 7 mm and 4 mm. The 4 mm col urrn 

was used in subsequent studies because of higher arc current 

density and hence better heating of the anode. 

Support and mass marker gases were fed directly into the 

plasma region. This was done to minimize gas flow into the 

ion source and hence to minimize the pressure in the extraction 

region. With the carrier loaded He-jet method, the flow rate 

of helium and the divergence of the cluster beam containing 

the activities are considerably smaller than with the cooled 
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system. This al lows the use of skimmers with smaller diameters 

whi eh can be placed closer to the capillary exit. In the 

present version, the s.kimmer diameters were 1.0 mm and 2.0 mm. 

The capillary to skimmer distance was 5 mm which corresponds 

to an upper limit of about 11° for the angle of divergence. The 

angle of divergence for NaCl clusters which had traversed the 

first skimmer was measured and found to be 7° ( FWTM = full width

at tenth maximum). The corresponding angle without a skimmer 

was 8° (FWTM) and 5° (FWHM). The diameter of the ion source 

cylinder at the position of the ff lament was 9 mm, corresponding 

to an angle of 8° from the capillary. 

With a typical flow rate of 20 cm3/s (STP), the pressure in 

the skimmer chamber was 0.06 torr. The pressure at the inlets 

of the first and second diffusion pumps were 7 x 10-5 torr and

-6 10 torr, respectively. 

Characteristic values for the ion source parameters 1-Jere 

as follows: 

anode current 2.5 A 

anode voltage 90 V 

filament current 30 A 

filament VO l tage 12 V 

magnetic field 300 gauss. 

Xe was used as a support gas. Typical Xe and He currents 

were 50 µA and 25 µA. The current corresponding to the mass of 

an NaCl molecule was about 20 µA. These values correspond to 

the extraction electrode distance of 10 mm and the extraction 

voltage of 15 kV. The mass resolving power was about 400 for 

136xe. The 1 i fetlme of the filament was 10-15 hours. This should

be compared with the long lifetime of the Nielsen source operated 

with pure he 1 i um. 
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5.3. Results with the LN2-coole.d He-jet

The total efficiency of the separator was studied by means 

of proton induced reactions. in addition, runs were performed 

with both the 227Ac and 252cf sources. 

The results of the effi ci_ency measurements for separation 

on-line are summarized in table VI i. The He-jet transport 

e·ffi ciencies of 20 % and 30 % were measured for recoi 1 atoms 

227 252 . from Ac and Cf sources �1he11 a transport d1 stance of 3 m

was used. !n these cases the capi 1 lary ( i .d. 0.8 mm ) was not 

cooled. The corresponding efficiency for 60cu recoils was 10 %

when a cooled, 6 m capi 1 lary ( i .d. 1.2 mm ) was used. The 

details are given in chapter 3. 

The transmission through the skimmers was measured by gross 

beta-activity of fission products. It was found to be 25 % 

through the first skimmer and 50 % through the second ski11111er. 

According to ho;; far the angle of divergence depends on the 

particle mass, higher transmission is expected for heavier particles. 

This effect probably explains the high skimmer/ion source 

efficiency for 211Pb ( see table Vii ). 

The efficiency of the ion source for a certain chemical 

element is closely related to the volati 1 ity of that element. 

For example, the vapor pressure of copper reaches 10-2 torr,

the estimated pressure inside the ion source, at 1273°c. 

This temperature is considerably higher than that of the ion 

source, and consequently a poor ion source efficiency is observed. 



Table 'JI I. Efficiencies obtained with the I iquid nitrogen 

cooled He-jet coupled to the Nielsen source. 

MEANS OF 

PRODUCT I ON 

Ni (p,xn) 

Cu(p,xn) 

Cd(p,xn) 

Sn(p,xn) 

252cf 

227Ac 

PRODUCT 

NUCLIDE 

60Cu

63zn 

112m
1 n 

116Sb 

141C 141
8 s, a 

21 lPb 

a) capillary length 6 m 

b) capillary length 3 m 

c) based on the observed 

EFFICIENCY (%) 

He-JET SK I MMER TOTAL 

I ON SOURCE c) 

10a) < 0. 1 < 0.01 

«10
a) ,, o. 3 0.03 

olO a) "'1.2 0. 12 

:::10a ) 
;:: 0. 3 0.03 

30b ) 0.3 0. 1 

20b) 1.5 0.3 

He-jet and total efficiencies 

It is interesting to note that, after separation, nearly 100 % 

of the activity found inside the ion source was concentrated 

within a radius of 0.5 cm arou,d the exit hole of the ion source. 

The spot size corresponds roughly to the beam size at that 

distance from the capilla ry exit. 
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When the Nielsen source was operated without di •ect arc in 

the osci 1 lating electron mode, the efficiency ,,as one order 

of magiltude below the values shown in table VI I. 

5.4. Results with the tfaCl-loaded He-jet 

5,4. 1. Efficiency rreasurerrents 

Results of the efficiency rreasurerrents with the hollow 

cathode source are given In table VI I I. 

Tab le VI 1 1. Efficiencies obtained with the NaCl-loaded 

He-jet coupled to the hollow cathode -ion source. 

HEANS OF 

PRODUCT! ON 

NI (p,xn) 

Cd(p ,xn) 

Sn (p,xn) 

252Cf

PROOUCT 

NUCLIDE 

60Cu 

112m
1 n 

116Sb 

141c 1418 s, a 

a) capillary length 6 m 

b) capillary length 3 m 

EFFICIENCY (%) 

He-JET SKIMMER 

I ON SOURCEc) 

25a) 1.2 

15a) 1. 7 

15a) 1.3 

70b) 1.4 

c) based on the observed He-jet and total efficiencies 

TOTAL 

0.3 

0.25 

0.2 

1.0 
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141 141 In the case of Cs -+ Ba, a 4 m capillary (i.d. 0.7 mm) 

was used. The He pressure was 1. 7 atm and the pressure in the 

skimmer chamber 0.04 torr. The target chamber was cooled with 

LN2. The (p,xn) reaction products were studied using a 6 m 

capi 1 lary (i .d. 0.8 ITill). The target and skimmer chamber pressures 

were 1.5 atm and 0.06 torr. The NaCl vaporizer temperature was 

typically between 750°c and 8oo0c. For details of the He-jet 

system see chapter 4. 

In optimum conditions, a total efficiency of about 1 % was 

achieved ( see table VI I I ) . The- skimmer transmission for the 

carrier loaded He-jet is typically about 50 % 8). Assuming this 

to be the case, ionization efficiencies of 2.4 % for Cu and 

3,4 % for In are obtained. The values should be compared with 

the results obtained with LN2·-cooled pure helium coupled to the 

Nielsen source, for which estimated ionization efficiencies are 

< 1 % for Cu and 10 % for In. It should be noted that in the 

derivation of the skinvner/ion source efficiency, the separator 

transmission was assumed to be 100 %. In general, efficiencies 

obtained during this study are comparable to those measured by 

other groups8 • l l). 

A somewhat smaller skinvner transmission was observed in the 

experiments with the cyclotron than with the 252cf-source. The 

larger angle of divergence of clusters in experiments 1,ith the 

cyclotron is probably due to the 90° bending of the capillary 

before the end and to the presence of smal 1 size clusters ( see 

the upper curve in fig. 9 on page 47). It has been found that 
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the spatial distribution of clusters emerging from the 

capillary is strongly dependent on the secondary flow induced 

by capillary bends upstream18) . In experiments with the 
252

cf­

source the capillary was straight for the last 3 m and the 

presence of small size clusters was prevented by the poor 

transmission of the tube connecting the vaporizer and the 

252
cf chamber ( see the. lower curve in fig. 9 on page 47) . 

5.4.2. Separation of proton induced fission ·products 

The NaCl-loaded He-jet coupled to the hollow cathode ion 

source was applied to the separation of fission products from 

the nat.U(p,f) reaction. The target assembly shown in fig. 3 

(p. 23 )  was operated at room temperature. Two uranium foils 

Cthi ckness 45 mg/cm3
) were placed close to the windows. The

He pressure in the target chamber was 2 atm and the temperature 

of the vaporizer was 8oo
0

c. Two gamma ray spectra from fission 

products corresponding to masses 130 - 131 and 141 are shown 

in fig. 13. Spectra were measured with a coaxial 40 cm3 Ge(Li) 

detector. Both the collection and measurement time were 15 

minutes. The time from the end of the collection to the start 

of the measurement was 2 minutes. 

The preliminary results show that the present combination 

does not apply to the separation of highly nonvolati le elements. 
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Experiments with transition elements from Y to Pd resulted 

in a poor total transmission. In order to study the ion source 

temperature, a half an hour run was made and low energy spectra 

from the end plate and the in let cylinder of the ion source 

( see fig. 12) were measured 4 hours after the end of the run. 

In this measurement an ORTEC LEPS detector was used. Spectra 

are shown in figure 14. In the lower part of the figure, 

relevant elements are ranked according to their K
a X-ray 

energies. On the basis of the two spectra, it is evident that 

a higher ion source temperature is necessary for efficient 

separation of light mass, highly nonvolati le fission products. 

The absence of- K-X-ray lines for lanthanides in the lower 

spectrum indicates that the temperature of the end plate is 

well above 1500
°

c. In spite of the absence of these elements, 

their separation yields were considerably smaller than the 

. 141 141 
yield for Cs ... Ba. 



6. Discussion 

The results presented in previous chapters show that 

high transport efficiencies with long transport di stances 

can be achieved by cooling helium down to liquid nitrogen 

temperature or by loading helium with a suitable carrier 

substance. Pure he 1 i um at room temperature was found to 

transport radioactivities effectively only over a distance 

of a few centimeters. Theoretically calculated capillary 

transmissions agreed rather well with experimental results. 

These calculations have a great practical importance in the 

design of the transport systems for different applications. 

For exa"1)le, the cluster size distribution in the carrier­

loaded He-jet method can be selectively controlled by proper 

design of the line connecting the vaporizer and the target 

chamber. The minimization of the carrier concentration is 

important in cases where thin sources are desirable. A small 

concentration also leads to less activity caused by the carrier 

substance itself. The condition of minimum carrier concentration 

is best achieved by using a carrier substance that has a low 

vapor pressure at the temperature at which the He-jet is 

operated. In this work NaCl was found to meet the above 

requirements best. In cases where no carriers can be tolerated, 

as in some applications of particle spectroscopy, LN
2

-cooled 

He-jet should be used. The use of LN
2

-cooled pure helium also 



totally eliminates problems of carrier activation. 

The results given in this ,,ork indicate that the NaCl­

loaded He-jet system coupled to the hollow cathode type ion 

source has several advantages over the LN2-cooled He-jet 

coupled to the Nielsen source. Among these are a better 

performance for elements with a high me 1 ting point and a 

un./}. 
higher overal 1 efficiency. However, for low melf(ing point 

elements, the ionization efficiency of the Nielsen source 

was equal or even better (Jn) than that of the hollow cathode 

source. The LN2-cooled pure helium-jet system was also tested

coupled to the hollow cathode source. The total ·efficiency 

measured for 
116sb was about the same as it was with the 

Nielsen source. Conversely, the yield obtained with the 

Nielsen source coupled to the NaCl-loaded He-jet gave an 

efficiency of about a half of that obtained with the hollow 

cathode source. 

The lifetime of the ion source or the filament is of 

practical importance in the operation of the ion source. 

The Nielsen source coupled to pure He-jet could be operated 

for several days without a breakdown, while the lifetime of 

the hollow cathode source with NaCl-loaded helium was only 

10 - 15 hours. The 1 ifetime of a source can probably be 

lengthened by the use of smaller anode voltages and by 

shielding the filament from direct bombardment of the 

incoming NaCl beam. 

The outer parts of the hollow cathode source should be 
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modified for better performance. In the present version the 

source has too large a heat capacity and a complicated 

structure. By increasing the cooling p01•1er and by making 

th·e structure lighter outgassing problems and severe heating­

up of the whole ion source region could be avoided. Moreover, 

the geometry of the extraction electrode and the shape of 

the magnetic field in the extraction region should be 

optimized in order to get more intense beams with better 

mass resolving pol-J!!r. 

The present hollow cathode source used in connection 

with the NaCl-loaded He-jet cannot be used for the separation 

of highly nonvolatlle elements like those in the· lower mass 

peak of fission products. A solution to this problem could 

be the use of different chlorides or other chemically reactive 

substances as carriers instead of NaCl, in order to get 

elements as compounds with higher volati 1 ity into the ion 

source. 

In the near future there wi 11 be a strong emphasis on 

the use of both the He-jet method and the on-line isotope 

separator in the study of nuclear structure. The He-jet 

apparatus described in this work has already been successfully 

used to investigate short lived isomeric states (T
112"' 0.1-1 s)

in Au isotopes
43l and delayed-particle emission of some 1 ight 

nuclei
44l . In parallel with these applications, special 

attention wi 11 be paid to the reduction of the tota 1 transport 

time and to the development of measuring techniques at the 



collection site. The isotope separator wi 11 further be 

developed, and it wi 11 be devoted to studies of decay 

properties of short lived fission products, espe�ially 

of those that are nonvolati le and are difficult to 

separate using other existing methods. 
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