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EVALUATION OF THIN METAL FOILS AS 
TARGETS AND WINDOWS FOR HEAVY-ION EXPERIMENTS 

J. D. Molitoris* and J.M. Nitschke 

Jan~a ry 1981 { 

Lawrence Berke ley Laboratory 

University of California. 

Berkeley, California 94720 

ABSTRACT 

The mechanical limits of thin metal foil were studied under conditions 

which simulated heavy-ion beam experiments. The properties of He and NZ as 

coo 1 i ng gases were evaluated under different flov! rates and pressure s. 

Different target/substrate combinations were tested, including metal targets 

on metal foil backings. Helium was found to be a superior cooling gas to 

nitrogen in all cases. The most durable foils were molybdenum and tantalum. 

In addition, the emissivity of gadolinium at various temperatures and surface 

preparations was measured. 

This work was supported by the Director, Office of Energy Research, 

Division of Nuclear Physics of the Office of High Energy and Nuclear 

Physics of the U.S. Dept. of Energy under Contract W':"74~05":ENG-48. 

*Present address: Department of Physics, Stahford Univeiisty, Stanford, 

California 94303 
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1. INTRODUCnON 

Experiments which attempt to produce new isotopes and elements require 

optimal use of the high intensity heavy-ion b"eamswhichare available today. 

Such experiments take advantage of the large forward momentum of the residual 

nucleus and employ gas cooled window/target combinations. Gas cooling allows 

the power density of the beam to be increased and maintained for longer periods 

of time witllout failure, hence producing greater yields of the reaction 
\ " 

products. However, the mechanical limits of the metal.foils commonly used in 

heavy-ion beam experiments are not well known. For example, the stability of 

248Cm targets in a 238U beam continue to hamper experiments which seek to 

create superheavy el Ements~ 

In general, the use of thin metal foils for windows, targets, and support 

(backing) for a target material is common in heavy-ion physics. The develop

ment of various recoil-target techniques has increased this use and led to . . 

further developments such as gas~ooled target systems and even cryo-targets 

which use liquid nitrogen to cool the target block in addition to gas cooling 

for the window/target combination. 1 Low cross sections which are encountered 

in the production of exotic nuclei necessitate intense ion beams (i.e. the 

predicted croSs section to produce an isotope of element 107, is only 30 pb for 

22Ne ions~) .To make optimal use Of these intense ion beams it is necessary 

to know the limitations·of target materials, beam windows, and backing foils. 

These limitations are d~pendent upon the nature of the cooling process (flow 

pattern, gas, flow rate, temperature, etc.). 

2. THE·TJ\RGET BLOCK 

The target/window assembly which was used to evaluate the metal foils is 

identical to the target assembly in the Very Heavy::lon 'Recoi 1 Target System 

(VHRT) developed at LBl: ,(see figure 1).', This target system was designed for 

use at the SuperHILAC.an:d,GS~;J (Gesell schaft fUr Schwerionenforschung) and is 

extremely versatile. A schematic of the VHRT mock-up which was incorporated in 

the testing apparatus is shown in figure 2. The cooling gas is channeled into 
" . 

the target block and converg~s in the volume between the beam window and the 

target through five channel s. The gas then exits through symmetric out let 
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channels. As the gas diffuser directs the cooling gas toward the window and 

the target, it distributes the flow so that the center nf the foils receive a 

maximum mass flow. Near the edge of the window/target, the flow actually goes 

to zero and edge cooling effects are relied upon as the dominant cooling mode. 

Figure 3 shows the diffuser and target block assembly in detai 1. The 

actual target system in the VHRT is secured in a stainless-steel housing which 

allows for gas cooling of the housing itself. The target temperat~re is 
measured by an infrared thermometer (RAYTEK, MODEL S/L 280, 100 to 1000 C 

calibrated range), which has a "see-thru"'feature so that the target can be 

aligned and visually monitored. 
The following technique is used,to secure the target and \\lindow foils to 

the end pieces. The foil is first glued to a steel retainer ring (with 

LOCTITE, SUPER BONDER No. 415, INSTANT ADHESIVE) and fits into a fillet in the 

caps of the target. Primer is applied to both surfaces and dried. The sur

faces are then joined together with a small amount of adhesive (Loctite 

adhesive no. 317, with primer T) and cured under pressure for 15 minutes at 

lUO C. This method has been successful for all foils tested, and has been 

reliable at foil temperatures over 1000 C. The dianeter of all targets and 
windows'is 9.5 mm. 

3. THE TESTING APPARATUS 

3.1 Te st Co nd it ion s 

For test purposes, the target side of the target assembly was kept under 

vacuum and the window side at atmospheric pressure (figure 4). In order to 
adequately test a foil one must be able to: 

1) duplicate the power distribution of a heavy-ion beam; 

2) measure the temperature of the target accurately. 
With these two requirements in ~ind a testing apparatus was designed which is 

described below. 

3.2 Beam Simulation 

A pierce-type 6 kW/20 kV electron gun, which' is compact and has a well 

defined beam spot, was used to simulate the power distribution of a heavy-ion 

beam. Physical constraints did not allow the addition of a fast deflection 
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system, so w~ have not performed tests with a pulsed or wobbled beam. The gun· 

was operated at a distance of i44 mm ·fromthe target and an electrostatic de

flector was used, which added some minor aberration to the beam. The aeflector 

was necessary so that infrared radiation from the E-gun's tungsten filament 

could not confound the temperature measurements. A tantalum collimator located 

1 mm in front.of the target limited the beam to a diameter of 6 mm. Knowing 

the characteristics of the pierce-type gun, about 90 percent of the power was 

concentrated evenly over the 6 mm spot defined by the collimator. The colli

mator iself was connected to a water cooled copper housing. Care was taken to 

suppress secondary electron emission by applying a bias voltage to the colli-· 

mator (-500 V was found to be adequate for thi s purpose). 

3.3 Temperature Measurements 

Measuring the temperature of a target presents several difficuliie~. Since 

any physical contact with the foi 1 (other than the target mount) introduces a 

heat loss which is not encountered in an actual experiment, temperature meas-.. : . . 

urements by thermocouples are ruled out. Optical pyrometer and infrared ther-

mometer measurements are more suitable becau se they entai 1 no phys i ca 1 contact 
2 with the target. Both of these instruments were used in this evaluation, 

but the i·nfrared thermometer was preferred because of its dig ita 1 readout, 

quick response, and adjustable emissivity. The pyrometer was useful in the 

preliminary stages of testing and for independent measurements in the 800 C 

to 1500 C temperature range. 

The RA YTEK SIL 280 is a sophi st icated non-contact infrared thermometer. It 

has a narrow field of view which permits accurate measurements on small areas. 

The through-the-lens sighting mentioned earlier eliminates any unce.rtainty as 

to the size and location of the measuring zone. Its spectral response is 

1 imited to the 8 to 14 micron range. The instrument has a gain adjustment 

which can compensate for emissivities (E), from E = 0.2 to 1.0. Since the 

thermometer has to be located outside the vacuum, it observes the target 

through a zinc-selenide window via a gold coated surface mirror. The effi

ciency of the mirror was measured to be 99 percent in the spectral range of 

the instrument, and it allowed a complete frontal view of the target. The 

zinc-selenide window does absorb a small amount of the infrared radiation, but 

thi s absorbtion was accounted for tn the calibration of the S/L 280. 

v 

v 
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The main problem with temperature measurements via infrared radiation is 

that the emissivity of metal foils (i.e. HAVAR, titanium, molybdenum, tantalum, 

rare earths, actinides~ etc.) varies with: 

1) different methods of surface preparation 

2) the wavelength range of the measuring instrument 

3) temperature. 

Under high vacuum conditions and gas cooling, (1) can be consi~ered fixed 

during testing. For a given measuring instrument, (2) can also be considered 

fixed. For example, figure 5 shows that the spectral emittance of titanium is 

essentially constant in the 8 to 14 micron range. In this range € can in 

general be considered constant for all of the metal foils tested. Variations 

of € with temperature (3) can occur while the measurement is in progress. For 

exampl e, a change in temperature of 250 C corresponds to a change in € of about 

.05 in the 8 to 14 micron range (see figure 5). Therefore, one must be able to 

compensate for'the change in € from prior experien~e. 

Adjustments of the emissivity due to changes in temperature were made ini

t i ally by compari ng the S/ L 280 temperature measurement to a measurement made 

with a Pt to Pt-Rh (10%) thennocouple. In the case of tantalum, the thermo-' 

couple was embedded in a 1/16 11 thick plate to insure good thermal contact. It 

was found that if the emissivity was adjusted to agree within 30 C at approx": 

imately the center of the temperature range (580 C) for the SiL 280, the devia

tion over the entire range was within the errors of the instrument (± 30 C). 

This deviation (TTC-TIR: thermocouple temperature minus infrared thermometer 

temperature), is plotted in figure 6 as a function of the temperature measured 

with the S/ L 280. In order to determine whether there was any difference be

tween foils and thick plates, a tantalum foil was spot-i'ielded over the measure

ment zone of the pla:te and its emissivity was determined at one temperature 

(580 C) in the manner just described. For a fixed setting of € = 0.33, the 

temperature was varied over the entire range. TTC-TIR for the foil and the 

plate are compared in figure 6. 

It was not necessary to perform this measurement for each material, since 

it had been previously established that the temperature of a foil is inde

pendent of the foil material for given power level and cooling conditions. 1 

(This is confirmed in section 4.4 of this paper.) That is, for identical 

cooling conditions, thin foils at the same power level will have the same 
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temperature, so that when another foi 1 i s substituted ,at the same power 1 eve 1, 

the emissivity can be adjusted to a value which gives the correct temperature. 

It was also determined that'the error in measured temperatures due to variation 

in e: over the temperature range was well within the error of the instrument. 

4 •. EXPERIt'ENTAL RESULTS 

4.1 ,Mechanical Properties of the Windows 

The goal of this evaluation was to determine the mechanical limits of cer

tain metal foils under gas cooling conditions (and, if possible, optimize these 

condit ion s) by va ryi ng the fo llowi ng parameters:. 

1) the nature of the cooling gas 

2) the gas flow 

The choice of the window material was largely based on experience gathered, 

duri ng severa 1 years of experiments with heavy-ion beams. The .choic~ of coo l

ing gas was limited to helium and nitrogen. Table I lists relevant mechanical 

properti.es of the five materials which were evaluated. 

A few targets failed drastically (large cracks and ruptures on the ord~y>of 

1 mOl in size), but no correlation. was found with materials or foilpreparatipn. 

These failures were attributed to random material flaws. in the foils. In 

general, failure was not drastic and a foil failure was ;ndicate~ by a gradual 

loss of vacuum. 

4.2 Cooling Power as a Function of Gas Flow 

For the measurement of the cooling power as a function of gas flow, the 

temperature of the foil was kept constant. It was then determined how much 

beam power was necessary to achieve thi s temperature for a. given flow. Thi s 

test was carried out with a 4.08 mg/cm2 molybdenum foil at three ,different 

temperatures: 250 C, 500 C, and 700 C. The entrance temperature of the 

cooling gas was at 18 ± 4 C. 

Fi gure s 7 and 8 show the results for He and N2 respective lye At a g iyen 

mass flow helium is at lea~t twice as effective asnitroyen as cooling gas. 

v 
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4.3 Cooling Power as a Function of Pressure 

One important constraint of a gas cooled target system is the pressure at 

the target, which is detennined by the geometry of the target itself, the gas 

inlet system, the flow rate, and the gas temperature.* The pressure at the 

target also depends on the type of gas used; for example, at a given mass flow 

rate, it was found that N2 caused a lower differential pressure across the 

target than He (by a factor of about 0.66). 

In figure 9,we measured the cooling power as a function of the absolute 

target pressure. Thi s test was performed at three constant temperatures 

(250 C, 500 C, and 700 C). The inlet temperature of the gas was 18 ± 4.C. 

The same 4.08 mg/cm2 molybdenum foil was used for all measurements; the.re

fore, the termination of a curve does not imply target fai lure. We stopped 

the measurement at a pressure that was considered a relatively safe operating 

point, except for the 700 C He curve, where the press~re was pushed to the 

maximum that could be achieved by the system.· It is interesting to note that 

pressures beyond 150 kPa do not yield significantly greater cooling power, and 

that at 700 C aHe cooled target will support nearly twice the beam power 

compared to a N2 cooled targ~t at the same pressure. 

4.4 Comparison of Window Materials 

Figure 10 shows the results of an evaluation of different window materials 

under similar cooling conditions. All foils were driven to fai lure in this 

test. It is worth noting the follow.ing points: 

all data can be represented by the same function, thus foil 

temperature is a function of power and independent of material; 

molybdenum and tantalum have the highest failure points in tenns of 

power and temperature; 

beryllium does deviate from the rest of the materials at lower 

temperature s. Thi sis due to the hi gh therma 1 conduct i vity of the 

beryllium. Contributions from radial heat conduction ("edge cooling") 

cause the displacement of the curve to higher levels at low 

tempera ture s. 

*The experimental set up used in figure 8 was slightly different from that u.sed 

i nfigure 10, and consequent 1y the pressures measured at the target for the two 

sets of data were not the same. 

:;. , 
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4.5 Endurance of Foils 
. . ~ 

Out of the five materials evaluated, threi were tested further for their 

endurance properties. Preliminary results indicated that titanium, molybdenum, 

and tantalum had the highest failure points of all five materials and the best 

enaurance. HAVAR endured temperatures between 400 C and 500 C for extended 

time periods. Inspection of the HAVAR targets after failure indicated some 

sign of a chemical reaction with the cooling gas (nitrogen); however verifi

cation of this will be subject to chemical analysis. None of the other ta~gets 

showed signs of chemical reactions up to 1000 C. All endurance tests were 

performed with N2 as the cool-ing gas at temperatures near the upper end of 

the anticipated operating temperature of the material during an experiment. 

Table II gives a summary of the results of the endurance test, where 6t is the 

time the foil was held at a c'onstant t~nperature, and ttota1 is the total 

test time. If a window failed, the final femperature in that at which the 
I ' .:', 

failu're -occured. It is important to note that molybdenum and tantalum foils 
'!'!" ", 

withstood' extreme conditons for significant periods of time. 

: { ;.;:,~. 

4.6 Properties of Target/~ubstrate Combinations 

We were particularly interested in evaluating target/substrate canbinations 

with 248Cm as the target material because 238U + 2482m was the first reaction 

for which the Very Heavy-Ion Recoi 1 Target System was intended (GSI, fall 

1979).4 AlsO, the stability of targets in a 238U beam is not well k'nown. 

Since 248Cm is highly radioactive, its chem'ical analog, gadolinium, was used 

for these tests. 

The gadolinium was ~vaporated on a 6 mm diameter spot in the center of a 

backing of titanium, molybdenum or tantalum. These target/substrate combi

nations were evaluated for endurance and then driVen to failure by increasing 

the power density of the beam •. The results are surrmarized in the lower part of 

Table II. It is worth noting'that (in the case of DC bea~s) the addition of 

the target maierial did not change the mechanical p~operties oi the foil. It 
" , 

should also be noted that the addition of the target material did not change 

the thermal properties of the foil, except the emissivity. 

Molybdenum foils were run at temperatures over 900 C with a pr~~sure 

differential of 172.3 kPa (see nos. 17 and"27, 'table YI)~ A temperature of 

500 C (90.7 watts) was determined to be' ~ safe ()perating' temperature. 
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Tantalum foil (nos. 20 and 30) witlishibd temperatures of over 1000 C. A tem

perature of 700 C (143.2 watts) was determined to be the upper limit for a safe 

uperating temperature. 

The following points are worth noting: 

The emissivity of gadolinium varies over a wide range and is 

dependent upon its thickness. 

One tantalum foil (no. 20) withstood 530 wicm2 of applied beam 

power and temperatures over 1000 C before it failed. 

5. CONCLUSION 

We have shown that gas cooled molybdenum and tantalum foils have excellent 

mechanical properties as targets and windows at high temperature and moderate 

pressure. Further investigation should be performed on tantalum,as the foil 

that supported over 530 w/cn,2 of power before failure, was thick by heavy ion 

standards (10 mg/cm2). Our test indicate'that these properties carried over to 

thinner foils, but it was uncertain to what extent. Furthermore, He j's found 

to be superior to NZ as a cooling gas. 

The authors wi sh to thank A.Ghiorso for hi s insi ght and suggestion s, 

L.F. Archambault for his support throughout the project, and K. Ransdell for 

his assistance in the machine shop. 

This work was supported by the Director, Office of Energy Research, 

Division of Nuclear Physics of the Office of High Energy and Nuclear 

Physics of the U.S. Dept. of Energy under Contract W-7405-ENG-48. 
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TABLE CAPTIONS 

Table I Mechanical properties of the foil materials evaluated. 

Tab 1 e II Summary of endurance tests resu It s. The" Fi na 1 Temperature" is the 

highest temperature the foil wa·s brought to; if fai,lure occurred, it 

is the failu're temperature. The "Holding Temperature" is the 

const~nt temperature the foil was kept at for observation during a 

time interval 6t. ttotal is the total time that the foil was under 
beam- and gas~flow conditions for evaluation. 6p is the pressure 

differential across the target. 
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TABLE I 

MECHANICAL PROPERTIES OF FOIL MATERIALS 
~. 

filA TERI AL FOI L TENSI LE MODULUS MELTING BOI LING .MEASURED 11,' 

THI CKI~ESS STRENGTH OF POINT POINT EMISSIVITY 
(a s tested) ELASTICITY 
(mg/cm2) ( MPa) ( 101OPa) (C) (C) I 

HAVAR 1. 70 1793 20.7 1060 0.25 
to 2413 

Ta 10 .50 689 18.6 2966 5425 0.33 
to 1130 

Ti 3.20 234 10 .7 1675 3260 0.43 
3.00 to 557 

Mo 4.08 837 32.4 2610 5560 0.32 
to 1207 

Be 2.35 > 270 30.6 1278 2970 0.20 -
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TABLE II 
Summary of Results 

Target No. Material Th i ck ness F ina 1 Ho ld i ng t.t ttotal N2 flow t.p Failed Measured 

-(mgt cm2) 
Temp. Temp. 

(min.) (x10-3kg/s) (kPa) 
Emi ss i vity 

( C) ( C) (mi n. ) (yes/no) 

5 Ti 3.2 530 19 1.18 125.4 yes .20 

6 Ti 3.2 730 9 2.00 164.2 yes .43 

14 Ti 3.2 640 500 25 50 1.89 158.2 yes .43 
------------------------------------------------------------------------------------------------------------------

12 Ta 10 .5 970 540 30 60 1.89 158.2 yes .33 
-------------------------~---------------------------------~------------------------------------------------------

7 Mo 4.08 680 19 1.89 158.2 no .20 

7 r~o 4.08 920 15 1. 89 158.2 yes .20 I 
-' 
w 

9 Mo 4.08 720 31 1.89 158.2 yes .20 I 

10 Ho 4.08 840 820 23 70 1.89 158.2 yes .32 

17 Mo 4.08 940 500 30 60 1.89 158.2 no .32 
------------------------------------------------------------------------------------------------------------------

8 Gd/Ti 5.09/3.0 500 20 1.89 158.2 yes .20 

18 Gd/Ti 3.24/3.0 440 15_ 1.54 140.6 yes .28 

20 Gd/Ta 2.8/3.0 >1000 15 1. 54 140.6 yes .28 

23 Gd/Mo 2.38/4.08 500 <15 1.54 140.6 yes - .32 

24 Gd/Ti 1. 0/ 3.3 640 <15 ' 1.89 158.2 yes - .28 

27 Gd/Mo 19.4/4.0 980 500 46 76 1.54 140.6 yes .46 

29 Gd/Ti 4.1/3.0 689 450 40 100 1. 54 140.0 yes .34 

30 Gd/Ta 2.04ilO >1000 400-700 40 120 1.54 140.6 yes .25 
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FIGURE CAPTIONS 

Fig. 1 Very Heavy-Ion Recoil Target (VHRT) with Raytek SIL 280 in position 

for target observat ion and temperaturemeasurernent. 

Fig. 2 Mock up of the VHRT block assembly which was used as the testing 

apparatu s. 

Fig. 3· Detail of the gas diffuser and target assembly. (Identical-to the 

Cryo Target Assembly; see reference 1 for detai 1 s). 

Fi g. 4 Schematic of }he experimental set up used for foil evaluation. 

Fig. 5 Normal spectral emrnittance of titanium (from Ref. 3). Note that the 

spectral emittance is essentially constant in the 8 to 14 j.l range for 

250 C, 500 C,and 750 C, which span the range which was measured. . ... 

Titanium is taken as an example; the other ~aterials evaluated also -

show a constant spectra 1 emittance in thi s range. 

Fig. 6 Deviation of the temperature measured with the S/L 280 IR thermometer 

(T IR ) from the actual temperature measured with a thermocouple (TTC) 

for a thin foil and bulk material. 

Fi g. 7 2 Beam power as a.function of He cooling gas flow. (fora 4.08 mg/cm: 

Mo foil at three constant temperatures). 

Fig. 8 Beam power asa function of N~ cooling gas flow (for a 4.08 
2 c.. 

mg/cm Mo foil at three constant temperatures). 

Fig. 9 Beam power as a function of differential pressure across the target 

foil (for a 4.08 mg/cm2 f'iio foil at three constant temperatures)., 

Fig. 10 Evaluation of various window materials tested under similar· cooling 
\. 

conditions (N2 flow). 
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Nitrogen cool ing . 

1.61 ><10- 3 kg/s 

• To (10.5 mg Icm 2) E = 0.33 

o Mo{4.08mg/cm 2 )E =0.32 

• Ti {3.2mg/cm 2 )E = 0.43 
o HAVAR{1.7mg/cm 2 )E=0.25 

6 Be (2.35 mg/cm 2 ) E = 0.20 
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