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ABSTRACT

A set of miniature detector probes for in-vivo-measurement of be-

ta and gamma tracer activity is described. The probes use a lithium-

compensated p-i-n silicon detector as sensing element.

The standard "needle probe" contains a cylindrical detector 0.9

mm in diameter and 3 mm long, enclosed in a stainless steel tube 1 . 1

mm in outer diameter and with walls 0. 05 mm thick. For particular

applications several modified types have been developed: probes with

larger sensing elements, probes with extra thin walls for low-energy

beta detection, probes with two or three sensing elements in the same

needle and probes containing a movable sensing element.

This report describes the construction and the properties of the

different needle probes.
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1 . INTRODUCTION

Nuclear semiconductor detectors are finding increasing application

in biology and medicine as particle detectors, nuclear spectrometers

and dosimeters [ l , 2]. Their smallness, robustness and considerable

ease of handling make them especially suited for in-vivo detection. Sev-

eral biological and clinical applications where miniature Geiger-Muller

counters, proportional counters or tissue equivalent ionization chambers

have been used, can now be performed more conveniently with semicon-

ductor detectors [1, 3 - 8 ] .

The needle type p-i-n junction semiconductor detector, introduced

in 1964 [9], has since then been widely applied to the measurement of

tracer activity in living tissue [10-15] and, to some extent, to the

monitoring of gamma fields in conjunction with radiotherapy [16-17].

As a result of the accumulated experience the design of the needle probe

has successively been modified to make it better suited for its task.

Special experimental requirements resulted in the development of sev-

eral modified types, e.g. needles with larger sensing elements, with

extra thin walls for low-energy beta detection, with two or three sens-

ing elements in the same needle and with a movable sensing element.

This report summarizes, from a technical and physical point of

view, the working experience accumulated since 1 964. The construc-

tion and properties of the improved standard needle probe and of the

avobe-mentioned modifications are described. In a forthcoming article

some methodological aspects of in-vivo detection with these detectors

will be presented [18].

2. STANDARD NEEDLE PROBE

2.1. Probe construction

The probe consists of a lithium drifted silicon detector enclosed in
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a stainless steel tube ending in a syringe-like tip (Fig. i). In Fig. 2 a

cross section of the probe end containing the detector is depicted.

The sensing element made from p-type silicon with 100 Qcm re-

sistivity [19] compensated with lithium, has the form of a cylinder,

0. 9 mm in diameter and 3 mm long. The compensated layer occupies

the central part of the cylinder (Fig. 2) and has a nominal width of 2. 5

mm. It is well known that a moderate bias applied to a lithium drifted

detector in the backward direction will deplete the compensated layer

and cause it to detect nuclear radiation [20].

The detector casing consists of a stainless steel tube of variable

length (normally 50 mm) fastened to a holder fitted with a miniaturized

coaxial contact (Fig. 1). The steel tube is originally 1 .4 mm in outer

diameter, with 0. 2 mm thick walls, but has been turned down to an outer

diameter of 1 . 1 mm over a length of ]3 mm, leaving 0. 05 mm thick walls.

Along the 20 following millimetres the outer diameter successively in-

creases from 1 . 1 to 1.4 mm. The smooth form of the probe reduces coa-

gulation risks. The variation in wall thickness is of the order of ± 10%

and is due to the finite precision of the lathe used. In cases where the wall

thickness must be known more accurately drawn seamless stainless steel

tubes are used. In this case the entire tube has 0. 05 mm thick walls, caus-

ing the probe to be more sensitive to mechanical damage than its standard

counterpart.

The detector is placed inside the steel tube, with its center about

7 mm from the needle tip. The position of the sensing element inside

the needle can easily be varied, however. If the syringe-like needle

tip is replaced by a flat one the outer end of the sensing element can

be as little as 1 mm from the needle end. The lithium-diffused side

of the detector is turned towards the holder.
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In order to make electrical connections possible the two plane

surfaces of the detector element are plated with chromium and gold.

Wires are fastened to the gold by means of araldite silver paste [21 ],

giving good electrical contact and acceptable mechanical sturdiness.

One wire connects the lithium-diffused side of the detector to the min-

iaturized coaxial contact [22] mounted on the holder. The other wire

connects the other side of the detector to the plug which terminates the

thin-walled part of the needle and forms its tip (Fig. 2). The plug is

soldered to the needle tube. The outer shield of the coaxial contact is

joined to the holder, giving a completely coaxial structure. The entire

needle tube is filled with a silicon resin [23] which insulates the

wires electrically, protects the surfaces of the detector element and

acts as mechanical damper.

The electronic set up to be used with the probe is shown in Fig. 3.

Positive bias is applied to the inner contact while the outer one, i. e.

the steel tube, is grounded. A low noise preamplifier must be used,

preferably one with a FET transistor input stage. The preamplifier

should be of the charge-sensitive type in order to reduce dependence

of pulse-height on bias [24]. For reasons to be explained later the

main amplifier used should include a pulse shaping network giving a

shaping time of the order of 1 - 2 |j,s. In our experiments the preampli-

fier was an AE 4650 C (AB Atomenergi, Studsvik, Sweden) and the

main amplifier a TC 200 (Tennelec Inc. , Oak Ridge Tennessee, USA)

or an AE 467 5 A (AB Atomenergi, Studsvik, Sweden).

2. 2. Probe properties - general

In contrast with a GM tube or a proportional counter the semicon-

ductor counter exhibits no internal amplification. Sources of noise must
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therefore be kept under careful control. The coaxial structure of the

probe is from this point of view a great advantage. With the steel tube

grounded the sensing element will be effectively protected from outer

noise.

Because of the inherently low amplitude of the pulses generated by

the semiconductor detector a high degree of amplification must be used.

This makes the needle probe prone to microphonics: mechanical, shocks

or vibrations will cause pulse trains which are strongly amplified and

may interfere with true signal pulses. In our case this type of noise is

strongly reduced by the silicon rubber into which the detector element

is embedded and which acts as an effective damper. The noise puLses

Left will to a large extent be eliminated by the pulse shaping network of

the amplifier.

The background of the standard probes varies from a few cpm to a

few tens of cpm, depending on discriminator setting. Too high a setting

eliminates alL noise pulses but discriminates a number of signal pulses.

Too low a setting makes it possible to register almost all signal pulses,

but causes a large number of noise pulses to be accepted. The optimum

signal-to-noise ratio must be found empirically in each case.

The needle probe can be sterilized in all liquid or gaseous desin-

fectants normally used in clinical work, as well as in dry heat, up to

13O°C.

For all tests performed in this work the measuring conditions

were, unless otherwise specified, as follows: bias 25 V, temperature

25 C, pulse shaping time 1 JJ,S , length of cable between detector and

preamplifier 25 cm.
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2. 3. Sensitive volume of detector element

The compensated layer occupying the central part of the Lithium

drifted detector element is nominally 2. 5 mm wide. It is important to

realize that the sensitive volume of the detector can be significantly

smaller than the compensated volume. This is because only the volume

depleted by the applied bias is sensitive to impinging radiation. If com-

pensation were perfect an infinitely small voltage would suffice to de-

plete the entire compensated layer. In practice, however, compensa-

tion is never perfect [25]. A fixed space charge is present and a cer-

tain minimum bias is therefore needed to deplete the entire compen-

sated layer. If the bias falls below this limit the compensated layer

will be depleted in part only, causing a reduction of the sensitive vol-

ume. A corresponding decrease of detector sensitivity will result.

The phenomenon is illustrated by the lower curve in Fig. 4. A standard

probe was immersed into a solution of P 32 in the way described in section

2. 5. The applied bias was varied, all other conditions being identical. An

increase in sensitivity of the order of 10% was obtained when the applied

bias was increased from 25 to 200 volts. This advantage will in most cases

be more than outweighed by the noise increase due to higher leakage cur-

rent and by the increased risk for break-throughs. The situation is further

complicated by the fact that the space charge present in the compensated

layer may vary from detector to detector. This is because material pro-

perties and conditions of lithium drift influence the perfection of compen-

sation [26]. Hence, even for a given bias, the sensitive volume may vary

from needle probe to needle probe.

In this connection attention is drawn to the fact that, in most cases,

bias is applied to the needle probe through a series resistance in the

preamplifier. The voltage drop over this resistance must be checked;



if it is sizeable the true detector bias may be significantly lower than

the bias selected on the voltage supply. All biases quoted in this work

are direct detector biases.

2. 4. Electrical, noise

The noise of the needle probe - preamplifier - main amplifier sys-

tem has been measured and expressed in keV following the standard

test procedures recommended by the International Electrotechnical

Commission [27]. The test set up is shown in Fig. 5 and the results

are given in Fig. 6. The spread in noise values over the standard nee-

dle probe population is of the order of + 20%. The main cause is the

variation in leakage current, see below.

It should be emphasized that the noise figures measured relate to

the entire system and not to the needle probe alone, since of necessity

the detector is always used together with a preamplifier and a main

amplifier. The preamplifier always adds some noise; the main ampli-

fier adds a negligible amount of noise but influences noise through its

pulse shaping function.

The noise of the needle probe-preamplifier-main amplifier en-

semble depends on several factors, the most important ones being the

detector leakage current, the capacitance present at the preampLifier

input and the pulse shaping conditions [28].

All other conditions being equal, noise increases with the leakage

current. This current consists of two components: surface current and

volume current. The former depends on surface treatment, the latter

on the sensitive volume of the detector. The surface current varies

considerably from one detector element to the other, causing a spread

in leakage current over the probe population of the order of + 50 %. The
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leakage current increases strongly with temperature, hence noise will

increase strongly with temperature. Because of this all noise meas-

urements were done at 40 C. Fig. 7 shows leakage current versus

bias voltage for a typical standard needle probe at different tempera-

tures.

Detector bias will also influence detector noise. With increasing

bias the leakage current is liable to increase (Fig. 7), increasing the

current component of noise. Furthermore the risk of short-time break

throughs will increase which is troublesome when making long-time

urements. If on the other hand the bias is too low, incomplete charge

collection or even incomplete depletion of the compensated layer may

may occur. It is our experience that a bias voltage around 25 V re-

presents an adequate compromise.

All other conditions being equal noise increase with increasing

capacitance of the preamplifier load. The capacitance of the detector

itself being negligible in relation to the cable capacitance, the length

of the cable connecting the probe to the preamplifier will determine

the noise level (Fig. 6). The shortest possible length of a low-capa-

citive cable should be used. Teflon-isolated cables have low capaci-

tance but are too stiff for easy handling. A 25 cm long polyethylene,

isolated subminiature cable seems to be an adequate compromise be-

tween easy handling and lov/ noise requirements.

The current noise and the capacitance noise depend on frequency

in different ways. Noise can therefore be minimized by means of

electronic pulse shaping [28]. This is most simply done with a shap-

ing network where the pulses are first differentiated, then integrated

(RC-CR shaping), the shaping time being equal for both operations.

The shaping network is normally placed in the main amplifier. The
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optimum shaping time is of the order of 1 - 2 |is for normal conditions

of use. For very long cables longer shaping times may become optimal,

Fig. 6.

2. 5 Response to beta radiation

Beta sensitivity was determined by immersing the probe into wat-

er solutions containing about 50 |j, Ci/ml of different beta-emitting iso-

topes. The container used was large enough to ensure that the distance

from the probe to any container wall was larger than the range of the

most energetic electrons emitted. For the beta sensitivity determina-

tions a multi-channel analyzer replaced the ratemeter/scaler in the

set up of Fig. 3. A beta spectrum and a background spectrum were re-

corded on the multi-channel analyzer (Fig. 8). The difference between

the two spectra gave the exact net number of beta counts, easily re-

duced to cpm/|j,Ciml , i.e. the count-rate in an "infinite" solution con-

taining 1 p,Ci/ml. The isotopes used, the character of the activity and

the average sensitivity are given in Table I. The sensitivity as func-

tion of average beta energy for a typical standard needle probe is

shown in Fig. 9- As is customary the average beta energy has been

taken as one-third of the maximum beta energy.

The sizeable variation in sensitivity values for the "standard nee-

dle probe" population, apparent in Table I, has two causes. Firstly,

as explained in section 2. 3, the sensitive volume depleted by a given

applied bias will vary from detector to detector, causing a correspond-

ing variation in probe sensitivity. Secondly, variations in the thickness

of the tube casing will cause variations in beta absorption and thereby

influence sensitivity.

The rapid reduction of sensitivity with decreasing beta energy also has

two causes. Firstly, the active volume viewed by the probe diminishes
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rapidly with decreasing beta energy. Secondly, absorption in the nee-

dle casing reduces the number of beta particles reaching the detector

element.

The phenomena are illustrated in Table II. The second and third

columns give the maximum energy and the corresponding maximum

beta range in water for the four beta-emitting isotopes used in this in-

vestigation. Obviously there must be a strong reduction of the monitor-

ed volume with decreasing beta energy. The relation between maximum

beta range and monitored volume will be discussed in more detail in

section 2.6.

The beta particles to be detected by the probe must pass the 0. 05 mm

thick stainless steel casing and approximatively 0. 05 mm of silicon rubber

before reaching the detector. This corresponds to a total "window"
2

thickness of approximately 44 mg/cm . Experimentally, beta trans-

mission through a window is given by [29]

t
h (0

where t is the window thickness and h is a constant characteristic of

the beta decay considered. Using values of h given in the literature
2

[30] the transmission through a window 44 mg/cm thick has been cal-

culated and expressed in % in Fig. 1 0 and in column four of Table II.

The accuracy is + 30% [30]. In spite of the thinness of the steel cas-

ing, absorption becomes significant for Tl 204 betas (average beta energy

255 keV) and increases rapidly with decreasing beta energy. There re-

mains a certain small sensitivity )0. 3 cmp/nCiml ) even to C 1 4 betas,

see Table I, at odds with the predictions of Fig. 10. This is due to the

approximative nature of the empirical law (!) on which Fig. 10 is based.

In summary there is an obvious relation between sensitivity and
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spatial resolution: the lesser the former, the better the latter. The re-

lation is not a linear one, however, and it is complicated at low ener-

gies by the influence of energy loss in the probe casing. The low sensi-

tivity for low-energy betas must be compensated by the use of higher

concentrations of activity. Depending on discriminator setting the back-

ground of the standard needle probe varies from a few cpm to a few

tens of cpm. Hence an infinite solution containing 0. 01 )j,Ci/ml of P 32

(average energy beta energy 570 keV) will give an acceptable signal-to-

background ratio, while 1 0 |iCi/ml of Tc 99 (average beta energy 97 keV)

will be needed to reach this goal.

The linearity of the needle probe was tested by immersing it into

a solution of P 32 in water and diluting the solution in known, succes-

sive steps. It is easy to convince oneself that, for a given isotope, the

number of particles detected should be proportional to the number of

particles hitting the probe and hence to the activity of the liquid. The

result of the test (Fig. 1 1) shows the expected straight line with 45

inclination.

Due to the increase of leakage current noise with temperature,

Fig. 7, there is a slight decrease of sensitivity with increasing tem-

perature. In the temperature interval 25-55 C the decrease is of the

order of 0. 2 - 0. 3 % per C roughly independent of applied bias.

2.6. Steric efficiency pattern

To obtain an idea of the size and form of the monitored volume,

measurements of the "steric efficiency pattern" of a standard needle

probe have been carried out by means of a method developed earlier

[12], using P 32 as the radioactive source.

The experiments were conducted by moving (with a micromanipu-

2
lator) a small (~ 1 mm ) P 32 source into different positions in the
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vicinity of the needle detector and measuring the counting rates. The

source and detector were immersed in water. The measuring prog-

ramme was as follows. The radioactive source was first placed close

to the surface at the tip of the probe and the counting rate determined.

The source was then moved away in half-millimeter steps in a direc-

tion normal to the axis of the detector up to a distance at which no

counts were recorded. The procedure was then repeated along parallel

lines at 1 mm intervals, i. e. at 1 mm, 2 mm, 3 mm, etc. from the

tip of the detector.

From the data thus obtained the mean counting rate was calculated

for the intervals 0-0.5 mm, 0. 5 - 1 . 0 mm etc. from the detector sur-

face, at 1 mm, 2 mm etc. from the tip of the detector. The values

were calculated by simple interpolation. Each counting rate was con-

sidered to emanate from a small volume segment, with an arbitrary

area of I x 1 mm and with a thickness of 0. 5 mm (Fig. 12). If the de-

tector had been immersed into a P 32 solution with the concentration

so adjusted that the amount of radioactivity in such a volume segment

was the same as that in the source, then the counting rate emanating

from the segment would be approximately the same as the counting

rate due to the source. Because the needle probe exhibits cylindrical

symmetry there will be 2 rrr such segments, forming a rotation body

whose contribution to the total counting rate is 2 rrr times the contribu-

tion of the volume segment. Here r is the distance from the axis of the

detector to the center of the segment. The total counting rate is obtain-

ed by adding the counting rates from all rotation bodies.

The counting rate from any rotation body can now be expressed in

percent of the total counting rate. These are the numbers displayed as

a matrix in Fig. 13, on the upper side of the detector. Dashes (-) re-



present less than 0. 05%. The column on the right gives the percentage

of counts emanating from 0. 5 mm thick tubular layers, whose axes

are coincident with that of the needle probe. The row on the top gives

the percentage of counts emanating from 1 mm thick planes cut perpen-

dicularly to the needle probe axis. Because count rates below 0. 05%

have been neglected the sum of the count rates from all volume seg-

ments displayed is somewhat less than 100%.

The curves below the detector in Fig. 13 are iso-counting-rate

curves, i.e. curves connecting points giving rise to the same count

rate. The left column of figures gives the percentage count value of

the iso-counting-rate curve; the right column indicates how much of

the total number of counts (in percent) is included within each iso-

counting-rate curve.

The maximum range in water for a 1 . 7 MeV beta particle is about

8 mm. This value is an upper limit of the radius of the monitored vol-

ume (correction for absorption in the casing surrounding the detector

element will reduce it somewhat). Fig. 13 shows that in practice the

monitored volume is smaller and at the same time less well defined.

The monitored volume may instead be defined as the volume included

within a certain boundary surface, while at the same time the number

of counts arising from the volume expressed as percentage of the to-

tal counts (arising from an infinite volume) is given. Thus about 95,

97 and almost 99 percent of the total number of counts arise from the

volumes which are included within the three outermost iso-counting-

rate lines shown in Fig. 13.

For other beta-emitting isotopes the steric efficiency pattern will

have a different form. The lower the beta energy, the more will the

iso-counting curves become parallel to the detector axis. In the case
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of P 32 the monitored volume corresponding to 98% of the counts ex-

tends about 4 mm from the detector surface, that is half the maximum

range of P 32 betas. If this relation is assumed to be a general one, a

rough estimate of the form of the monitored volume can be made for

other beta-emitting isotopes.

2.7. Response to gamma radiation

The needle probe can be used as gamma flux monitor, e.g. in con-

junction with radiotherapy. For a given gamma-emitting isotope the re-

sponse of the needle probe should be proportional to the dose rate. This

has been tested for various isotopes and found to be true in all cases.

Table III lists the isotopes used, the tested dose-rate intervals, the

sensitivity and the spread in sensitivity over the tested dose-rate inter-

vals. The tests were made in air, using point sources and with varying

source-detector distance. Because Cs 137 and Co 60 are used for ra-

diotherapy the interval tested has been extended to 3 decades for these

two isotopes. All beta particles emitted were absorbed by adequate

shielding of the sources. As discussed earlier the variation in sensi-

tivity for the needle probe population will be larger and is estimated

to be + 20 % around the tabulated values.

When gamma-active tracers are administered to humans or animals

the radioisotope may be enriched in some organ of well defined volume.

This case was studied by immersing a standard needle probe into a

spherical retort containing water solutions of the isotopes given in

Table IV. For each isotope retorts with volumes varying from 1 0 ml

to 1 000 ml were used. Care was taken to place the detector element in

the centre of the sphere. The resulting sensitivities, for a total activi-

ty of 1 )j,Ci in any sphere, are given in Fig. 14. The I 131 values are
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pure gamma values, impinging betas being absorbed by aLuminium

shielding of adequate thickness. It was found that the sensitivity in

cpm/(j,Ci for a given gamma-active volume of liquid varies with gam-

ma energy energy in a non-linear way, being largest for I 1 25 and in-

creasing with energy for higher gamma energies. This is due to the

non-linear dependence of the roentgen/curie ratio on gamma-ray en-

ergy [31]. The relation between sensitivity and active volume is a

linear one for a given isotope. This is not true for I 125 where, due to

the low energy of the emitted gammas, absorption becomes significant

for the largest volumes.

I 131 is both beta- and gamma-active. Consider a large volume of

tissue loaded with radioactive iodine. As the needle probe is much

more sensitive to beta than to gamma radiation one might hope that,

in spite of the gamma background, the good spatial resolution typical

of beta monitoring would be preserved. This is not the case, however.

Fig. 1 5 shows the percentage of probe sensitivity due to betas and to

gammas respectively as a function of active volume, for a total activ-

ity of 1 |j,Ci in any volume. Obviously spatial resolution is heavily re-

duced, gammas from a large volume being able to contribute to the

pulse rate. This will be true for all radioisotopes emitting both beta

and gamma radiation.

3. NEEDLE PROBE WITH LARGE SENSING ELEMENT

The dimensions of the detector element in the standard needle

probe are a compromise between sensitivity requirements and the de-

sire to keep needle dimensions to a minimum. The construction of a

larger needle, containing a larger detector, presents no technical dif-

ficulties. As an increased sensitivity may be the all-important feature

in many cases a larger needle probe was developed (Fig. 16).
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The construction of the large detector probe is similar to that of

the standard type. The sensing element is a silicon cylinder 2 mm in

diameter and 5 mm long, with a central radiation-sensitive part 2 mm

in diameter and nominally 4 mm long. The sensitive volume is thus

3 3

12. 5 mm against 1 . 6 mm for the standard probe. The outer diameter

of the needle is 2. 4 mm at the detector end, increasing to 2. 5 mm at

the holder end. The wall thickness is 0. 05 mm along the 10 outer-

most millimetres of the tube where the detector is positioned, increas-

ing continuously to 0. 1 mm nearer the holder.

The variation of sensitive volume with applied bias can be deduced

from Fig. 4. The bias dependence is more pronounced than for the standard

probe; this is due to the larger fixed space chare present in a larger

detector element.

Noise properties were determined for the needle probe - preampli-

fier - pulse shaping unit ensemble, using the technique described in

section 2.4. Fig. 17 shows the dependence of noise on pulse shaping

time and on the length of the cable used to connect the needle probe to

the preamplifier. The spread in noise values over the probe population

is + 20%. Due to the larger leakage current of a larger detector ele-

ment (Fig. 18), the noise of the large needle probe is somewhat higher

than that of the standard probe. The optimum pulse shaping time is of

the order of 1 - 2 |j,sec for normal conditions of use. For very long

cables longer shaping times may become optimal.

The beta sensitivity of the large probe immersed in infinite solu-

tions of different beta-emitting isotopes was determined in the same

way as for the standard probe. Average sensitivities are given in Table

I, together with the variation over the probe population. Sensitivity as

a function of average beta energy for a typical large probe is displayed
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in Fig. 9- The dependence of the sensitivity on applied bias is shown

in Fig. 4. The response of the probe is perfectly proportional to the

activity of the liquid into which the probe is immersed (Fig. 1 1). The

temperature dependence of the beta sensitivity of the large probe is of

the same magnitude as that of the standard probe.

The response of the large probe to the gamma flux from some typi-

cal gamma-emitting isotopes in air is given in Table III. The spread in

sensitivity for the probe population is of the order of + 20%. The gam-

ma response of a large probe immersed into spherical volumes of gam-

ma-active water solutions has been determined, using the same geo-

metrical configurations and the same isotopes as for the standard

probe. The results are shown in Fig. 19-

The background of the large probe is somewhat higher than that of

its standard counterpart, due to the higher leakage-current noise. De-

contamination and sterilization properties are identical for both types

of probes.

Probes of this type can easily be made still larger, e. g. contain-

ing detectors with sensitive volumes 1 0 mm in diameter and 5 mm deep,

enclosed in needles 10. 1 mm in diameter. Noise will increase with de-

tector volume, however.

4. NEEDLE PROBE WITH EXTRA THIN WALLS

For the standard probe absorption in the casing of the detector

element becomes sizeable for beta-emitters with an average beta ener-

gy of about 250 keV, and prohibitive for beta-emitters with an average

beta energy of about 90 keV, Fig. 1 0. There remains a certain small

sensitivity (0.3 cpm/p,Ciml~ ) even for C 14 betas, see Table I. It is

clear, however, that the sensitivity of the standard probe for betas
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with average energies below 1 00 keV, say, leaves much to be desired.

In order to improve the sensitivity of the needle probe to low-en-

ergy betas a needle with extra thin walls has been developed (Fig. 16).

Drawn stainless steel tubes 1 . 1 mm in outer diameter and with walls

only 0. 015 mm thick [32] were used as detector casing. This results in a

sizeable reduction of beta absorption (Fig. 1 0).

The thin-walled probe was found to be very sensitive to mechani-

cal damage and must be used with great care. Stainless steel 0. 015 mrr.

thick has little mechanical resistance left; moderate pressure with a

thumb nail will cause the needle to collapse. The standard probe can

be introduced directly into the tissue, without incision; this is impos-

sible with the thin-walled probe.

The sensing element is identical to that of the standard probe. All

properties except beta sensitivity are thus the same for both types.

The average sensitivity of the thin-walled probe to various beta-emitt-

ing isotopes is given in Table I. Fig. 9 shows the sensitivity as a func-

tion of average beta energy for a typical thin-walled probe. Already for

Tl 204 (average beta energy 255 keV) a marked improvement can be

noted. For Tc 99 (average beta energy 97 keV) there is a still larger

improvement, although the absorption is becoming troublesome.

For C 14 (average beta energy 52 keV) absorption remains prohibitive,

in spite of the thinner steel casing.

Table I shows that for low beta energies the large probe

thick walls has sensitivities equal to or in excess of those of the thin-

walled probe. This is due to the larger detector element of the large

probe. For a given low-energetic beta-emitter and a given thickness of the

casing the sensitivity is proportional to the detector area, hence increased

absorption in a thicker wall can be compensated by a larger area. The
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larger area, however, means reduced spatial resolution.

5. NEEDLE PROBES CONTAINING TWO

OR THREE SENSING ELEMENTS

For certain types of experiments simultaneous measurements at

two or three neighbouring positions are desirable. One can use several

needle probes, but the mutual position of the detector elements is not

well-defined in such a geometry. A solution is to enclose several sens-

ing elements in the same needle, with mutual separations defined in ad-

vance. Needle probes containing two or three sensing elements are

shown in Fig. 20.

Fig. 21 shows a three-element needle in cross section. The stand-

ard detector elements, 0. 9 mm in diameter and 3 mm. long, are placed

one after the other, with the lithium-diffused side turned towards the

holder. Separate wires connect each of the elements to its miniaturized

coaxial contact. A long glass tube with axial channels harbours these

wires and guarantees isolation. The wires fastened to the other sides

of the detectors are all soldered to the plug which forms the needle tip,

giving a common ground to all detector elements. The whole system is

embedded into silicon rubber, which defines the position of the elements

and ensures stability. The steel tube used as casing has an outer diam-

eter of 1 . 5 mm and a wall thickness of 0. 05 mm along the part of the tube

where the detectors are located. Near the holder the diameter increases

to 2. 0 mm and the wall thickness to 0. 3 mm.

Detector elements and tube wall thickness are the same as those

used in the standard probe. Properties are thus identical, except for a

reduction in sensitivity for low-energy betas. This is due to the larger

amount of silicon resin surrounding the detector elements. Obviously

two or three amplifying channels are needed to take advantage of the
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multi-element system. There is no electrical interference between the

detector elements.

6. NEEDLE PROBE CONTAINING A

MOVABLE SENSING ELEMENT

The most elegant way to measure simultaneously at two neighbour-

ing positions would be a two-element probe where the distance between

the elements could be varied at will. Such a probe has been constructed

(Fig. 20).

Fig. 22 shows the probe in cross section. The two detector ele-

ments are of the standard type, 0. 9 mm in diameter and 3 mm long.

The fixed element is placed near the tip of the needle tube and embedd-

ed into silicon rubber in the usual way. vVires connect one side of this

element to its miniaturized contact and the other side to the plug which

forms the needle tip. The other element is placed farther up, inside a

glass tube with walls 0. 1 mm thick. A glass rod with two axial channels

is placed inside the glass tube. The movable element is fastened to the

glass rod whose channels harbour the wires connected to both sides of

the element. One of these wires connects to the corresponding minia-

turized contact, the other to the casing. The glass tube is embedded in-

to silicon rubber inside the steel tube and hence fixed, but the detector-

glass rod ensemble can move freely inside the glass tube in the axial

direction of the probe. The glass rod is connected mechanically to a

screw that can be actuated from the outside.

The steel tube used as outer casing has an outer diameter of 1 . 4

mm and a wall thickness of 0. 05 mm along that part of the tube where the

detectors are located. Near the holder the diameter increases to 1 . 8

mm and the wall thickness to 0.25 mm. The steel tube is fastened to a

holder fitted with the two miniaturized contacts and a screw. The screw



- 22 -

when actuated, causes the upper detector to move along the tube axis.

A millimetre scale on the screw makes it possible to read directly the

distance between the detectors. In the present design the minimum di-

stance between the detectors is 3 mm and the maximum distance is 9 mm,

but the magnitude of the interval can easily be varied.

Detector elements and tube wall thickness are the same as for the

standard probe. Properties are thus identical, except for a reduction in

sensitivity for low-energy betas due to increased absorption in the casings

of the detector elements.

7. CONCLUSIONS

The needle probes described above have been in medical and biolo-

gical use for several years. As a rule they perform satisfactorily for

long periods of time. Most problems arising are caused by some pecu-

liarity of the experiment rather than by the detector itself.

Consider for example the study of local flow in-vivo, using a tracer

that is absorbed in a large volume of tissue surrounding the point of mea-

surement. If the tracer is both beta- and gamma-active the relevant sig-

nals (mainly beta) may easily be masked by the large number of gamma

signals emanating from the entire activated tissue. In this case the needle

detector may not be the ideal detecting element. Some other problems

related to the use of the needle detector are discussed in [1 8].
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TABLES

Table I Average beta sensitivity of needle probes immersed in

beta-active water solutions.

Table II Maximum electron range in water and absorption in the cas-

ing of the standard needle probe for some beta-emitting iso-

topes.

Table III Sensitivity of needle probes to gamma flux in air. Isotopes

used, dose-rate intervals tested, sensitivity and spread in

sensitivity over tested dose-rate intervals.

Table IV Isotopes used for the study of needle-probe response when

immersed in gamma-active liquids.



Table I. Average beta sensitivity of needLe probes immersed in beta active water solutions

Isotope

Name

C 14

Te 99

TI 204

P 32

Activity

B~ 1 00% no Y

B =155 keV
Kmax

g" 1 00% no Y

B = 292 keVmax

g" 98% EC 2%

B = 764 keV

B" 1 00% no Y

B =17 07 keV
max

Average beta

energy (keV)

52

97

2 5 5

569

Sensitivity in cpm/(j,Ci ml in infinite solution

Standard probe

0.3 + 0.1

1.6 + 0.3

130 + 30

2500 + 500

Thin-walled probe

0.7 + 0. 3

10 + 2

300 + 60

2500 + 500

Large probe

2 . 5 + 1 . 0

10 + 2

370 + 80

5800 + 1200
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Table II. Maximum electron range in water and absorption in the casing

of the standard needle probe for some beta-emitting isotopes

Isotope

C 14

Tc 99

Tl 204

P 32

Maximum beta

energy

(keV)

155

292

764

1707

Maximum electron

range in water

(mm)

0. 3

0 . 8

3

8

Transmission

through 44 mg/cm

(%)

0.00275

1.53

36.2

74. 5



TabLe III. Sensitivity of needle probes to gamma flux in air. Isotopes used, dose-rate intervals tested, sensitivity and

spread in sensitivity over tested dose-rate intervals.

Isotope

Name

1-125

I 131

S 137

Co 60

Type of Y radiation

3 5 keV 7 %

28 keV 138 %

364 keV 79 %

Many other gammas

662 keV 82 %

1173 keV 100%

1337 keV 100 %

Standard probe 1 37

Tested dose-rate

interval (mr/h)

0. 85 - 3. 9

1 0 - 4 2

20 - 20000

20 - 20000

Sensitivity

(cpm/mrh )

96

11

5 .2

4 . 4

Sensitivity

spread over

tested dose-

rate interval

+ 4 %

+ 5 %

+ 8 %

+ 12 %

Large probe 219

Tested dose-rate

interval (mr/h)

0.85 - 3.9

24 - 95

20 - 20000

20 - 20000

Sensitivity

(cpm/mrh )

580

67

28

23

Sensitivity

spread over

tested dose-

rate interval

+ 3 %

+ 7 %

+ 12 %

+ 10 %

I
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Table IV. Isotopes used for the study of needle probe response

when immersed in gamma-active Liquids

Name

I 125

I 131

Sr 85

Mn 54

35

28

364

Many

513

842

Y activity

keV

keV

keV

V of

138 %

79 %

other gammas

keV

keV

100 %

100 %



CAPTIONS OF FIGURES

Fig. 1 Standard needle probes. Bottom: standard probe. Top: extra

long probe. Scale in millimetres.

Fig. 2 Cross-sectional view of probe end containing the detector.

Some details have been exaggerated for greater clarity.

1 :solder, 2:needle tip, 3:contact wires, 4:chromium-gold

evaporation, 5:silicon detector element, 6:silicon resin,

7 :p-n junction, 8:wire isolation, 9:stainless steel tube.

Fig. 3 Electronic setup used with needle probe.

Fig. 4 Sensitivity to P 32 betas as a function of applied bias for a

standard needle probe and a large probe.

Fig. 5 Electronic setup used to measure electrical noise.

Fig. 6 Noise as a function of cable length for a typical standard

probe, with pulse shaping time as parameter.

Bias 25 V, temperature 40 C.

Fig. 7 Leakage current as a function of bias voltage for a typical

standard probe, with temperature as parameter.

Fig. 8 Pulse height spectrum obtained when monitoring P 32 betas

and background. The difference gives the net number of counts.

Fig. 9 Beta sensitivity as a function of average beta energy for a

standard probe, a large probe and a thin-walled probe.

Fig. 1 0 Absorption of beta radiation as a function of average beta

energy, with absorber thickness as parameter.
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Fig. 11 Sensitivity to P 32 betas as a function of P 32 concentration

in water for a standard probe and a large probe.

Fig. 12 Illustration of the method used to determine the steric effi-

ciency pattern of the needle probe. The counting rates ema-

nating from all rotation bodies similar to the one shown give

a precise idea of the steric efficiency pattern of the probe.

Fig. 13 P 32 steric efficiency pattern of a typical standard probe.

Fig. 14 Gamma sensitivity of standard probe immersed in spherical

volumes of gamma-active water solutions as function of liq-

uid volume, for different gamma-emitting isotopes.

Fig. 1 5 Response of standard probe immersed in a spherical volume

of I 131 disolved in water. Percentage of probe sensitivity

due to betas and to gammas respectively as a function of liq-

uid volume.

Fig. 16 Special needles. Top: probe with large sensing element.

Bottom: thin-walled probe. Scale in millimetres.

Fig. 17 Noise as a function of cable length for a typical large probe,

with pulse shaping time as parameter. Bias 2 5 V, tempera-

ture 40°C.

Fig. 1 8 Leakage current as a function of bias voltage for a typical

large probe, with temperature as parameter.

Fig. 19 Gamma sensitivity of large probe immersed in spherical

volumes of gamma active water solutions as function of liq-

uid volume, for different gamma-emitting isotopes.
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Fig. 20 Multi-element needles . Top: two-element probe. Bottom:

three-element probe. Middle: two-element probe with one

element movable. Scale in millimetres.

Fig. 21 Cross-sectional view of three-element probe.

Fig. 22 Cross-sectional view of two-element probe with one element

movable.
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