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FOREWORD 

This quarterly report describes fusion-related activities in research, 
development and reactor design, analysis and safety conducted within the 
Fusion Power Program and within other DOE-funded programs at Argonne National 
Laboratory. 

The last six quarterly reports issued were: 

ANL/CTR-76-5 

'ANL/FPP-76-6 

ANL/FPP-77-1 

ANL/FPP-77-2 

ANL/FPP-77 -4 

ANL/FPP-77-7 

July-September 1976 

October-December 1916 

January-March 1977 

April-June 1977 

July-September 1977 

October-December 1977 

ABSTRACT 

'fhis quarterly report summarizes the Argonne National Laboratory work 
performed for the Office of Fusion Energy during the January-March 1978 
quarter in the following research ·and development area81 materlal.s; energy 
Rtorage and transfer; tritium containment, re~.nvery and cont1:ol; advanced 
reactor design; systems studies; neutronics; atomic data; reactor safety; 
and other work related to fusion power. 
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I. FUSION REACTOR MATERIALS 

A. Plasma Materials Interactions 

1. Surface Damage of 316 Stainless Steel Irradiated with 4He+ 
to High Doses 

M. Kaminsky and s. K. Das, Physics Division 

Surface blistering of metals (e.g., Nb) by implantation with helium ions 
in the 9 to 15 keV energy range has been shownl,2 to disappear for sufficiently 
high doses (~ 1 to 3 C/cm2). In more recent studies3 of 100-keV helium im­
planted Nb, again, the disappearance of blisters was reported for the high 
dose of 20 C/cm2 • The authors3 observed a sponge-like surface structure 
which they considered to be an equilibrium surface structure, and they con­
cluded that blistering is a transient phenomenon. However, since sponge-like 
surfaces have been observed4,5 at much lower doses (e.g., 1 C/cm2) but for 
high target temperatures (homologous temperature ~ 0.5) it appeared possible 
that the results reported in Ref. (3) were not typical for high dose im­
plantations but for high target temperatures (e.g., target heating by deposited 
beam power 30-100 W/cm2). To clarify this point we have conducted systematic 
studies of the surface damage of fcc (Al), bee (V, Nb, Mo) and hcp (Be) metals 
and stainless steel under 100-keV helium ion irradiation for high doses of 
20 C/cm2 at controlled target temperatures and under high vacuum conditions. 
For limitation of space only, results for 316 stainless steel held at 450°C 
will be discussed here and compared to earlier reported results6 for Nb held 
at 400°C. The results for the other metals will be reported in a full length 
paper elsewhere. 

Figure I-1 shows, at three magnifications, the seriously exfoliated surfaces 
of 316 stainless steel. An "equilibrium surface structure" has not been formed. 
Instead, in many areas ("deep holes", 0.1 to 1.0% of irradiated area) 15 skins 
have been lost, each of~ 0.55 ± 0.05 ~m skin thickness (Figure I-lc), and 
in addition, two skin layers appear to have been lost completely. Under the 
assumption that two skins have been lost, and by adding the loss of skins in 
the area of the deep holes, a lower limit for the surface erosion yield has 
been estimated as ~ 0.1 atoms/ion. In turn, an estimate of the upper limit 
for the erosion yield (assuming . the cbmplete loss of 15 skins) gives a value 

1 J. G. Martel, R. St. Jacques, B. Terreault, G. Veilleux, J. Nucl. Mat. 53 
(1974) 142. 

2 J. Roth, R. Behrisch and B. M. Scherzer, J. Nucl. Mat. 57 (1975) 365. 
3 R. Behrisch, M. J:{isch, J. J:{oth artd B. M. Scherzer, PI.ut;. 9tl1 Symp. of 

Fusion Technology (Pergamon 1976) 531. 
4 

W. Bauer and G. J. Thomas, Nucl. Metallurgy 18 (1973) 255. 
5 M. Kaminsky and s. K. Das, Proc. 4th Conference, Scientific and Industrial 

Applications of Small Accelerators, Denton, Texas (IEEE, New York 1976) 238. 
6 M. Kaminsky, Proc. Seventh International Conference on Atomic Collisions 

in Solids, Moscow, U.s.s.R., (September, 1977). 
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¥igure 1-1. I-l(a)-(c) shows scanning electron micrograph of Type 316 stain­
less steel irradiated at ~ 450°C with 100-keV 4He+ ions to a 
total dose of 20.0 C/cm2 , Fig. I-l(b) shows an enlarged view of 
one of the holes created due to multiple exfoliation and Fig. 
I-l(c) shows an P.VP.n hi gher magni f i cation micrograph of another 
hole. Notice that the thickness of each exfoliated layer marked 
by arrows 1-15 are nearly the same. 

2 



of 0.7 atoms/ion. It should be noted that even the lower limit value for the 
erosion yield is one order of magnitude larger than the physical sputtering 
yield value calculated according to Smith.7 We already reported6 that for 
polycrystalline Nb irradiated at 400°C with 100-keV 4He+ to a dose of 20 
C/cm2 no "sponge-like" equilibrium surface could be observed. Instead, in 
many areas more than 3 skins (each of ~ 0.3 ~m thickness) had been lost 
and the surface exfoliation process had not been stopped. 

The results reported here do not support the claim3 made for 100-keV 
4He+ implantation of solids to high doses of 20 C/cm2 that blistering will 
be a transient phenomenon, and that an equilibrium surface structure ("sponge­
like") will be formed. Instead, we observe a continuous exfoliation process 
of the irradiated surfaces. 

7 D. Smith, J. Nucl. Mat. (in print). 

2. Depth Distribution of Bubbles in 4He+-Ion Irradiated Nickel and 
the Mechanism of Blister Formation 

G. Fenske, S. K. Das, M. Kaminsky, Physics Division, and 
G. H. Miley* 

While the radiation blistering phenomenon has been widely studied, the 
mechanism of blister formation is still not well understood.8 The present 
studies on depth distribution of helium bubbles in nickel were carried out 
in order to obtain a better understanding of the radiation blistering 
process. Particularly, the aim was to understand the experimental observa­
tion8,9 that the blister skin thickness for many metals irradiated with He+ 
ions of energies lower than 20-keV is a factor of two or more larger than 
the calculated projected range. 

High purity (99.995%) annealed polycrystalline nickel foils were irradi­
ated at 500°C with either 20- or 500-keV 4He+ ions to total doses of 
2.9 x 101 7 and 5 x 1015 ions/cm2, respectively. Thin foils suitable for 
transmission electron microscopy were prepared from the irradiated samples 
by a LLau~v~rse sectioning technique dcccribed elsewhere.10 ThP. tP.c.hnique 
allows one to obtain depth distribution of cavities (e.g. bubbles, voids) 
from a single specimen. 

Figure I-2(a) shows a typical bright field transmission electron micro­
graph (TEM) of the plated and irradiated regions (the interface between the 
two is marked by arrows) of the 500-keV irradiated sample. The cavities 
seen at the interface and lu Lh~ JJlating are probably due to the trapped 
hydrogen bubbles generated in the nickel strike solution. The swelling 
(~V/V) due to the cavi ties (voids or bubble$) were measured from enlarged 

* University of Illinois - Urbana. 
8 s. K. Das, M. Kaminsky, Adv. in Chemistry 158 (1976) 112. 
9 s. K. Das, M. Kaminsky, G. Fenske,. J. Nua Z. Materia Zs (in print). 

10a. Fenske,. s. K. Das and M. Kaminsky, to be published. 
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Figure I-2. (a) Bright field TEM of annealed polycrystalline Ni irradiated 
at 500°C with 500-keV 4ne+ for a dose of 5 x 10 17 ions/cm2, 
(b) Histogram showing swelling (~V/V) as a function of depth 
from the lnacllated surface for the micrograph shown in (a). 
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micrographs as a function of depth at 500 A intervals and is shown in Fig. 
I-2(b). The solid and dashed curves show the depth distribution of energy 
deposited into damage, and the projected range calculated according to 
Bricell, respectively. Also, the experimentally measured blister skin thick­
ness is plotted with the error bars. It can be seen that the peak in the 
swelling agrees well with the peak in the projected range distribution and 
with the blister skin thickness. 

Figure I-3(a) shows a bright field of TEM of the 20-keV irradiated 
sample and the corresponding histogram of the swelling as a function of 
depth is shown in Figure I-3(b). The dashed curve represents the calculated 
projected range probability distribution. The measured blister skin thick­
ness is shown by the horizontal bar. Here it can be seen that the depth at 
which the swelling peak occurs is at a much larger depth than the peak in the 
calculated projected range distribution, but agrees well with the blister 
skin thickness. These results suggest that the separation of blister skin 
occurs at a depth where the volume fraction of the helium bubbles is at a 
maximum. The critical dose for blister formation is reached when interbubble 
fracture has been initiated in the region of maximum swelling where the 
interbubble distance has become sufficiently small. 

1~. K. Brice, Ion Implantation Range and Energy Deposition Distribution, 
Vol. 1, (Plenum, New York, 1975). 

3. Correlation of Blister Diameter and Blister Skin Thickness for 
Helium Bombarded V 

M. Kaminsky and s. K. Das, Physics Divisd.on 

Different models have been proposed to explain the formation of surface 
blisters on helium-bombarded ~urfaces. Such models are based on (a) gas 
bubble coalescence and the build-up of internal gas pressure,l2-19 or (b) 
the percolation of helium in the lattice,20-21 and/or (c) the build-up of 

12M. Kaminsky, Adv. in Mass Spectrometry 1, 69 (1964). 
13w. Primak and J. Luthra, J. Appl. Phys. 12, 2287 (1966). 
14R. s. Blewer and J. Maurin, J. Nucl. Mat. 44, 260 (1972). 
15s. K. Das and M. Kaminsky, J. Appl. Phys. 44, 25 (1973). 
16s. K. Das and M. Kaminsky, Proc. of Third Conf. on Application of Small 

Accelerators, CONF-741040-Pl (1974). 
17G. M. McCracken, Japan J. Appl. Phys. Suppl. 2, Pt. 1, 269 (1974). 

18J. H. Evans, J. Nucl. Mat. 61, l (1~76). 
19o. Auciello, Radiation Effects, 30, 11 (1976). 
20w. D. Wilson, c. L. Bisson and D. E. Amos, J. Nucl. Mat. 53, 154 (1974). 
21

G. J. Thomas and W. Bauer, Radiation Effects, ll, 221 (1973). 
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Figure I-3. (a) Bright field TEM of annealed polycrystalline Ni irradiated 
at 500°C wlth 20-keV 11 He+ for a dose of 2.9 x 101 7 ions/cm2 , 

(b) Histogram showing swelling as a function of depth from 
the irradiated surface for the micrograph shown in (a). 
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. h . 1 d 1 22- 25 d 1 f h 1 stresses 1n t e 1mp ante ayer. Some mo e s o t e atter type suggest 
that large lateral stresses introduced in an ion-implanted surface layer may 
cause elastic instabilitS and buckling of the implant layer, and result in 
a relationship Dm ~ tl. between the most probable blister diameter, Dffip, 
and the blister skin thickness, t. This relationship was initially suggested 
by Roth,23 and then by Risch, et al.,24 for helium blistering of Nb. Subse­
quently, EerNisse, et al.,25 claimed that this relationship should apply also 
to metals such as Be, Ti, V, Mo, Pd, and 4301 stainless steel. However, 
since EerNisse et al., showed for several metals (e.g., Ti and V) only one 
data point on a Dmp vs tl.5 plot, the applicability of this relationship for 
a wide range of Dmp and t values for these metals needed to be tested. 

In this paper we report a systematic study of the correlation between 
blister diameter and skin thickness for annealed polycrystalline and mono­
crystalline vanadium (100) surfaces blistered by 4He+ ion irradiation in 
the energy range from 20 keV to 500 keV. In order to make such a correlation 
meaningful it is important to consider that the blister diameter depends on 
parameters such as target temperature, total dose, target microstructure 
(e.g. cold worked or annealed), and the crystallographic orientation of the 
surface of monocrystal~, as we have discussed earlier. 26 Furthermore, we 
have shown earlier27, 2~ that the blister skin thickness correlates very 
well with the calculated projected range for 4He+ ion irrad~ation of vanadium 
for the energy range from 20 keV to 1000 keV. 

Both the polycrystalline and the monocrystalline vanadium targets were 
obtained from Materials Research Corporation (Marz Grade). Back-reflection 
Laue photographs of the monocrystalline vanadium targets showed the orien­
tation of the surface normal of the target to be within 1° parallel to the 
[100] direction. The foils received a fine metallographic polish. Subse­
quently, they were annealed at 1200°C for two hours in a vacuum of ~ 3 x 10-7 

torr, and then electropolished. The irradiations were carried out with mass 
analyzed 4He+ ions either from a low-energy d.c. accelerator (for energies 
< 100 keV) or from a 2-MV Van de Graaff accelerator (for energies~ 100 keV), 
and the ion beam was incident parallel to the surface normal. During the 

22 

23 

24 

25 

26 

R. Behrisch, J. Bottiger, W. Eckstein, V. Littmark, J. Roth and B. M. U. 
Scherzer, Appl. Phys. Lett. 12, 199 (1975). 

J. Roth, Applications of Ion Beams to Mat-erials, eds. G. Carter, J. S. 
Colligon and W. A. Grant (The Institute of Physics, London 1976), p. 280. 

M. Risch, J. Roth and B. M. U. Scherzer, to appear in Proc. of Inter-
national Conference on Plasma-Wall Interactions, Julich, W. Germany, 
(October, 1976). 

E. P. EerNisse and S. T. Picraux, J. Appl. Phys. 48, 9 (1977). 

S. K. Das and M. Kaminsky, Adv. in Chemistry Series 158 (editor M. Kaminsky, 
American Chemical Society, Washington, D.C. 1976) 112. 

27
M. Kaminsky, S. K. Das and G. Fenske, J. Nucl. Mat.~. 86 (1976). 

28 
M. Kaminsky and S. K. Das, Scientific and Industrial Applications of 
Small Accelerators, Fourth Conference - 1976, Denton, Texas (published 
by The Institute for Electrical and Electronic Engineers, Inc.) p. 238. 
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irradiation the ion flux was kept low (5 x 10 13 to 1 x 101 4 ions cm-2 s-1) 
to minimize surface heating, and the targets were held at room temperature. 
The total dose for each irradiation was chosen so as to avoid blister 
coalescence for 4He+ ion energies greater than 40 keV and to minimize 
sputtering of blister skin for energies at 20 keV. The irradiated surfaces 
were examined in a Cambridge Stereoscan S4-10 scanning electron microscope 
and ten or more micrographs were taken for each irradiation. The size 
distribution of blisters were measured from the micrographs with the aid 
of a Zeiss particle-size analyzer. The blister skin thicknesses were 
measured from ruptured edges of blister skins and compared with the values 
we had published earlier.28 A very close agreement between these sets of 
values was observed. 

Figure I-4(a) shows a typical histogram of the distribution of blister 
diameters observed for annealed polycrystalline vanadium after irradiation 
with 100-keV 4He+ to a dose of 0.5 C/cm2 . Figure l-4(b) illustrates the 
dependence of Lhe bllst:er d 1 AmPtPr nn grain orientation, tltt:~ ulh; Ll::!l ulamet:ers, 
being larger for the grain shown on the left of the micrograph than for the 
one on the right. In order to obtain statistically HIP.aningful valueR for the 
most !J.t:ubable blister rli ::~meter, Dmp, at least 10 sudt micrographs were 
evaluated to obtain one histogram of the type shown in Figure I-4(a). For 
example, for 100-keV 4He+ irradiation of annealed polycrystalline vanadium 
[Fig. I-4(a)] the observed minimum diamPtPr l.r::~c: ? .1 ).lm, the maximum diam~::L~::.L 

tl.l ).lm, the average diameter 3.9 ).lm, the most probable diameter 2.9 ].liD, and the 
standard deviation 1.5 ].lm. Figures T-5(::~) and (b) show a plot of bliste.r ulame­
ters versus mean blister skin thickness for vanadium irradiated. by ~He+ ions of 
various energies and correlation between mean skin thickness and ~He+ ion 
energy, respectively. The filled and open circles are D~P values for annealed 
polycrystalline V and monocrystal.line V(lOO) surfaces, respectively. The Dav 
are also shown (x) for annealed polyrryRtAlline vanadium. The bars t:;ltuwn 
tor a given t value indicate the smallest and the largest blister diameter 
observed for that thickness for both polycrystalline and monocrystalliue 
vanadium. A power function fi.t (hy thP mPthod of lcaot oquare5) of Dmp wllh 
t~ gives the relationship Dmp = 6.3 t0•85 for polycrystalline V, and Dmp = 7.4 
tU.94 for monocry5talliue V(lOO), where Dmp and tare given in units of micro­
meters. The coefficient of determination, r 2 , for the above two fits was 
0.97 and 0.96, respectively (note, r2 ~ 1 indicates better fit than r 2 ~ 0. 
For discussion of fitting method used, see Ref. 29). If both polyerystalline 
and monocrystalline data are fitted together one obtains the relationship 
Dmp = 6.7 t0.89 (with r 2 = 0.96) which is shown as a solid line in Fig. I-5. 
Power curve fits for Dav and Dmin. with t givP thP rPl . .tttionshipc Dav "" 9.2 
rl.02 (with r 2 = 0.96) and Dmin = 3.8 t0.98 (with r2 = 0.92), respectively. 
In no case does one obtain the relationship p ex: tl.5 RR RnggPc:ted by EerNicoc 
dUU Plcraux.2.J According to the lateral stress model25 tf;e pre-exponentiAl 
factor in Lite u, t relat1onship can be represented by (KE)"2 (2. 5 x 10-4 

(l-p 2 )a )~. Here, E is the Young's modulus (for V: E = 1.3 x 10 12 dynes 
cm- 2), Pis Poisson's ratio (V:p = 0.35), ay is the yield strength (V: 
1.17 x 109 dynes cm-2), and K is a geometric factor which ranges from 1.4 
to 4. 9 for elastic edge conditions ranging from a simply Sllpported edge to 
a elamped edge., respectively. The values listed in parenthesis are 

29 
S. K. Das, M. Kaminsky and G. Fenske, to be submitted to J. Appl. Phys. 
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. 30 31 characteristic for annealed vanad1um ' and may differ from those for 
irradiated vanadium. 

For vanadium the experimentally determined relationship Drop = 6.3 t 0 · 85 

does not agree with those calculated according to the lateral stress model25 
for the two extreme values of the K factor (1.4 and 4.9), Drop= 27.4 tl.5 and 
Drop= 51.3 t 1 · 5 , respectively. We also find significant disagreement between 
predicted and experimentally determined dit relationships for metals such 
as Be, Ni and Nb, as discussed elsewhere. 9,32 

Finally, we would like to mention our observation of nearly spherical 
blisters on V surfaces irradiated with 4He+ ions under certain conditions. 
Figure I-6 shows an example for ~nnealed polycrystalline V irradiated at 
room temperature with 60-keV 4He ions to a dose of 0.5 C/cm2 • Observation 
of such blisters at various tilt angles shows that the diameter of the blister 
base is smaller than the diameter of the blister sphere. The arrows in Fig. 
I-6 point to cracks in the blister skin. The measured skin thickness is 
0.22 ± 0.06 ~m, a value which agrees well with the one we had published 
earlier.28 In our opinion such spherical blisters cannot be caused by 
elastic buckling of the implanted layer as invoked in the stress model but 
result from surface deformation by internal gas pressure. For discussions 
of additional supportive evidence for blister formation in metals by internal 
gas pressure the reader is referred to Refs. 12-18, and 29 and 32. 

30 Metals Handbook. Vol. 1 (American Soc. for Metals, Metals Park, Ohio) 
1961. 

31 C. R. Tiptop, Jr., editor, Reactor Handbook. Vol. 1 (Interscience Pub-
lishers, New York 1960). 

32 S. K. Das, M. Kaminsky, and G. Fenske, submitted to J. Nucl. Mat. 

4. Sputtering Yields for Deuterium on Gold 

D. M. Gruen and Ch. Steinbruchel, Chemistry Division 

We have carried out measurements of sputtering yields for D+ and Ar+ 
on Au in the 1 keV etlergy range using matrix isolation spectroscopy. 

The purpose of this work was to provide reliable data for deuterium 
sputtering yields, particularly at low energies where very little information 
is available in the literature. Such data will be useful for characterizing 
first-wall fusion reactor materials and for testing theories of sputtering. 
In addition, our results establish that matrix isolation spectroscopy is 
a viable experiment:al Lechnique for measuring low sputtering yields. 

Our apparatus consists of a sta j nlP.ss-steel vacuum chamber which is 
evacuated by a separate pumping station. The vacuum chamber is equipped 
with a target holder, with a sputter ion gun, and with a closed-cycle helium 
refrigerator. The ion gun js connected to the vacuum chamber via an orifice. 
The target is mounted at an angle of 45 degrees with respect to the ion gun 
and to the collection plate attached to the refrigerator. Material is 
sputteLed from the target into an argon matrix which is formed on the 
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Figure I-6. Scanning electron micrograph of annealed polycrystalline 
vanadium irradiated at room temperature with 60-keV 4He+ 
to a dose of 0.5 C/cm2, showing nearly spherical blisters. 
The numbers in the top left-hand corner refer to the variou" 
ti_lt anglea at which the micrographs were taken. 
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collection plate by gas flowing onto this plate from two nearby jets. The 
amount of metal collected in the matrix is determined from optical absorption 
spectra recorded in the UV-visible region. Pressures are monitored by a 
cold-cathode gauge in the main chamber and by an ion gauge in the ion gun. 

After the initial pump-down and with the helium refrigerator .cold, the 
ion gun is outgassed until the pressure in the ion gun is 1•10-6 torr or 
less, at which point the pressure in the main chamber is ~ 3•10-8 torr. 
The target is then sputter-cleaned for 30 minutes, with the pressure in the 
ion gun at ~ 5•10- 5 torr. At this time argon matrix gas is introduced 
(typical flow rate~ 0.2 cm 3/min), and sputtered atoms are collected in the 
matrix. During matrix deposition the pressure in the main chamber is ~ 1·10-7 

for sputtering with Ar+ and ~ 5·10-6 for spu.ttering with D1. The ion current 
to the target is measured with the target biased positively by 90 volts so 
as to suppress secondary electrons. (Ion current densities are typically 
1-10 ~A/cm2 ). Under the conditions described the matrix-to-metal atom ratio 
is ~ 105 to 104 so that the metal in the matrix is virtually exclusively in 
the form of single atoms. A sufficient amount of metal can be collected in 
10-60 minutes. Matrix absorption spectra are recorded on a Cary 17H spec­
trometer. Amounts of metal sputtered are taken to be proportional to the 
areas under the absorption peaks characteristic of Au atoms. (The spectra 
obtained in this work are identical to spectra reported previously33 for 
Au in Ar.) Amounts of metal are reproducible typically to within~ 5% for 
a given ion beam exposure. 

Our results are presented in Table I-1. The numbers for the sputtering 
yields S are based on the assumption that S = 1.0 for Ar+ on Au at 1 kev.34,35 
Furthermore, as usual, sputtering by DI is taken to be equivalent to sputter­
ing by D+ at half the energy and twice the flux. There is considerable dis­
agreement in the literature on the values of S for Ar+ on Au, with values 
at 1 keV ranging from 1 to 5.34-38 We favor the lowest value because it 
compares more favorably with theoretical estimates39 and because it leads 
to more reasonable values of S for n+ sputtering on Au. 40 

33 D. M. Gruen, S. L. Gaudioso, R. L. McBeth, and J. L. Lerner, J. Chern. 
Phys. 60, 89 (1974). 

34 o. Almen and G. Bruce, Nucl. Instrum. Methods 11, 2S7 (1961). 
35 H. Patterson and D. H. Tomlin, Proc. Roy. Soc. London A265 _474 (1962). 
36 c. H. Weijsenfeld, Philips Res. Rept. Suppl. No. 2 (1967). 
37 H. Oechsner, Z. Physik 261, 37 (1973). 
38 N. Laegreid and G. K. Wehner, J. Appl. Phys. 32, 365 (1961). 
39 W. M. Stacey, Jr., et al., "Impurity Control in Tokamak Reactors," Argonne 

National Laboratory, ANL/FPP/TM-91 (August, 1977). 
4° C. F. Finfgeld, U.S. AEC Report OR0-3557-15 (1975). 
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Energy 
(keV) 

0.25 

0.5 

0.75 

1.0 

1.5 

2.0 

Table L-1. Sputtering Xields (atoms/ion) 

Present 
data 

0.47 

1.0 

1.3 

l.n 

Stacey, et al. 39 

(theory) 

0.22 

0.43 

0.85 

Present 
data 

0.013 

0.045 

0.058 

0.080 

Finfgeld40 

. 0.02 

0.03 

39 Stacey 
(theory) 

0.01 

0.015 

Two conclusions can be drawn from the figures in Table I-1. Firstly, 
our values of S for n+ on Au are somewhat higher than, but comparable to, 
those of Finfgeld.40 Secondl4i the model by Stacey, et al.,39 which was 
derived from Sigmund's theory to account for sputtering hy light ions~ 
tends tu underestimate sputtering yields on gold. In addition, ·our results 
show matrix isolation spectroscopy to be a sensitive technique for de.ter­
mining sputtering yields. On the basis of the experimental conditions 
employed in this work we estimate that we should be able to measure sputter­
ing yields as low as lo-3. The reproducibility of our data should enable us 
to measure ion fractions as well. We are in the process of modifying our 
apparatus in order to perform such measurements. 

41 
P. Sigmund, Phys. Rev. 184, 383 (1969). 

5. Fast-neutron Sputtering of Gold 
* M. A. Kirk and R. A. Conner, Materials Science Division 

The sputtering or ejection of surface atoms due to high-energy particle 
irradiation has been the subject of considerable experimental investigation 
for approximately the past 20 years. The reason for much of the interest 
in sputtering has been the recognized close connection between the physics 
of both sputtering and r;:'ldi:=ttion=dam,age phenome.na .in the bulk. The emiJhasis 
of the majority of this work has been on the bombardment of metal surface 
with energetic ions. Little previous work has been published on the sputter­
ing of solids by fast-neutron bombardment because of the great difficulty 
encountered in performing this type of experiment in a radiation environment 
under well-controJJ.P.d conditions. 

Many of these difficulties have been overcome, as can be ascertained 
from the experiments briefly reported here. These results represent the 
most accurate and reproducible determination of sputtering yield and the 

* Work funded by Basic Energy Sciences. 
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first detailed picture of the spatial distribution of sputtered atoms due to 
fast-neutron irradiation. A far more detailed comparison with other experi­
mental results and sputtering theory also has been accomplished as a result 
of an extensive determination of neutron flu;x: and .energy spectrum for the 
irradiation facility and calculations of damage parameters based on this 
neutron-energy spectrum. 

Single crystals of gold were activated prior to sputtering in a core 
position in the ANL CP-5 reactor. Following activation, the crystals were 
annealed and then remotely transferred to a sputtering capsule. This cap­
sule was evacuated, sealed, and transferred to the cryogenic fast-neutron 
irradiation facility in CP-5 for the sputtering irradiations. High-purity 
aluminum foils were used to collect the sputtered gold atoms. The gold 
samples were centrally located in the cylindrical sputtering capsules, with 
collector foils adjacent to the cylinder wall. Following sputtering, the 
collector foils were removed and investigated by autoradiographic and y­
counting techniques to reveal the spatial distribution and determine the 
total yield of sputtered gold atoms, respectively. 

A calibrated microphotodensitometer trace of a representative auto­
radiograph is shown in Figure I-7. The data closely correspond to a 
theoretically random distribution of sputtered atoms. The asymmetry 
was caused by a crystal holder shield and was reproduced in the theoreti­
cal distribution. This constitutes rather strong evidence for a sticking 
coefficient close to unity. 
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Figure l-7. Microphotodensitometer trace of autoradiograph (in direction 
parallel tu cylinder axis). Solid curvQ corresponds to 
directionally random Rputtering.· 
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Gamma counting of the 411.8-keV peak for l98Au was performed on Ge(Li) 
detectors. Total sputtered gold concentrations were corrected for gold­
impurity backgrounds in the collector foils and calibrated by the active 
fractions found for the gold single crystals. The extent of contamination 
by pieces of radioactive gold was usually found to be quite limited (10% 
of total sputtering yield) and could be subtracted by the use of autoradio­
graphs and selected area y-counting. A blank run produced similar contami­
nation but no central gold stripe due to sputtering. It was concluded that 
this small amount of contamination was due to handling and not sputtering. 

In conjunction with these sputtering experiments, a neutron flux and 
energy spectrum was carefully determined for the cryogenic fast-neutron 
irradiation facility in the CP-5 reactor. The absolute differential neu­
·tron-energy spectrum was determined by a 20-foil activation tedmique using 
the most recent version of the SAND-II computer code,42 which iteratively 
determines the best neutron spec.trum fit to the foil ac.Livlties. 'l'otal cross 
sections and recoil and damage energy distributions were calculated for 
gold with the differential neutron energy spectrum and the DISCS computer 
code.43 This information was then used in. the analysis of the gold-sputter­
ing data reported here. 

In three sputtering experiments, an average value of the sputtering 
ratio of ~.0 x 1a-6 sputtered gold atom per incident neutron (E > 0.1 MeV) 
was determined with an absolute error (including absolute flux error) of 
± 38%. This can be compared with recent sputtering experiments on gold with 

. 14-MeV neutrons by scaling with calculated damage energy. The result of 
this scaling is an expected sputtering ratio of ~ 4 x lo-s for neutrons 
produced hy fusion. This rou~1ly agrees with the lower limii of the range 
of values found for these 14-MeV neutrnn P.Xperimcnts4u anJ ::;Lu~ugthens the 
eunclusion that neutron sputtering should not be a significant problem for 
the first wall of the containment vessel in a fusion reactor. 

To explain these experimental results, three meehanisms of sputtering 
are constdered. Sputtering along crystallographic directions by focused 
collision sequences is eliminated as a significant mechanism when both the 
autoradiographic and total yield data are considered. It was concluded that 
sputtering was dominated by high-energy recoil cascades which intersect the 
crystal surface. However, a calculation of sputtering by the linear cascade 
theory of Sigmund41 yields about one half the sputtering ratio found ex­
perimentally. This difference is greater than the num of the et'r:ors of 
measured and calculated sputtering ratios and is believed to be significant. 
A correction to this theory could include a nonlineAr or- thermul···spike con­
tribution tu LhE:! sputtering. ·The autoradiographic evidence indicates ~ 
sufficiently hi.gh-energy density wllhin the cascade that could produce 
thermal sputtering, since the crystal structure is apparently lost during 
the lifetime of the cascade. Thus, the controlling factor is the lifetime 
of the cascade or resultant thermal spike. 

42 
W. N. McElroy, S. Herg, T. B. Crockett, and R. J. Tuttle, Nucl. Sci. 
Eng. ]Q, 15 (1969). 

43 G. R. Odette and D. R. Doiron, Nucl. Tech. 29, 346 (1976). 
44 0. K. Harling, M. T. Thomas, R. L. Brodzinski, and L. A. Rancitelli, 

J. Nucl. Mater. 63, 422 (1976). 
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Another theoretical calculation due to Sigmund45 is displayed in 
Figure I-8. Calculations of cascade and thermal-spike lifetimes are plotted 
versus primary recoil energy along with the damage energy distribution for 
gold in our neutron-energy spectrum. This comparison of damage energy dis­
tribution and calculated thermal-spike lifetime indicates only a small effect 
on the thermal-spike contribution to sputtering. A more recent theoretical 
calculation of thermal-spike effects by Kelly4 appears to yield a l<;mger 
spike lifetime and would be in better agreement with the experimental results 
reported here. 

A thermal-spike mechanism has long been proposed to explain many radia­
tion-damage effects associated with the high-energy collision. cascade. 
How~:ver, direct experimental evidence for this concept is minimal. Sputter­
ing experiments provide a means to investigqte the collision cascade during 
its time of development (lo- 13 s) and inclu~e any influence from the develop­
ment of a thermal spike over lo- 12 to lo- 11 s). We are pursuing this aspect 
further with additional sputtering experiments on a lighter mass material 
(NiCo), since this is predominantly a mass-dependent effect. 

45 P. Sigmund, Appl. Phys. Lett. 1.2_, 169 (1974). 
46 R. Ke~ly, Rad. Effects~. 91 (1977). 
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B. Dosimetry and Damage Analysis 

L. R. Greenwood and R. R. Heinrich, Chemical Engineering Division 

1. Experiments at 9Be(d,n) Accelerator Neutron Sources 

Dosimetry was provided for D. Styris (PNL) at the University of 
California Cyclotron at Davis during February, 1978. Neutrons were pro­
duced by stropping a 40 MeV deuteron beam in a thick beryllium target. 
Tensile specimens were irradiated at about 4 mm and 40 mm from the source. 
Dosimetry packages were placed at each position. Each package was 2" x 0.25" 
and contained Al, Fe, Ni, Co, Nb, In, and Au. Nickel foils were placed at 
the front and rear of each package to measure attenuation and geometric 
effects. The foils were cut into ten subsections and are now being counted 
at ANL and LLL. ·An error analysis has been completed for our previous work 
at Ed = 30 MeV reported last quarter. This analysis is instructive since it 
represents tbe st~tP-of-tho-art for hl~h energy dosimetry. Figure I-9 shows 
the unfolued spectrum at 4 mm from the source. The dashed lines represent 
one standard deviation error limits based on a Monte Carlo analysis. The 
code SANDANL determines the e};"J;Or· 1n th.;~ f!m~ .due to ~nur·s in the activation 
CLUBs-sections, the measured foil activities, and the starting input spectrum. 
The errors are derived from experience gained with integral cross-section 
tests and input spectra are taken from time-of-flight measurements as well 
as previous unfolding experiments. 

As can be seen in Fig. I-9 the error in the differential flux is typically 
10-20% except at low energies (< 1 MeV) and very high energies (> 25 MeV). 
Unfortunately, there are very few reactions which have any sensitivity in 
these energy regions. However, only 8% of the total flux is below 1 MeV and 
only 5% is above 25 MeV. Hence, these regions do not rnntributc significaully 
to materials damage effects. 

Covariance effects are also very important and must be. calculated in 
order to assess errors in integral parameters. The error in the total flux 
is only ± 12% and above 4 MeV tho error is only ± 5%. These error limits 
are quite accurate in a relative sense; howeve~ absolute errors are somewhat 
uncertain since cross-section errors are only estimated. 

Integral cross-section tests performed at the ANL Tandem Van de Graaff 
accelerator using the Be(d,n) reaction at Ed = 14-16 MeV have been accepted 
by Nuclear Technology for publication. Preprints are available from L. 
Greenwood. Work is neady complete on similar integral tests at the Oak 
Ridge Cyclotron (ORIC) at Ed = 40 MeV and will be reported next quarter. 

2. Review_ of t;.h~ Fusion Materials Irradiatiuu Test: Facility (FMIT) 
_Dosimetry Program 

Plans are now being formulated for a proposed materials irradiation 
facility to be built at HEDL by 1983. This facility will consist of a linac 
accelerator to produce up to 0.1 amps of 40 MeV deuterons. The beam will 
then be stopped in a flowing, liquid lithium target producing neutron fluxes 
of 101 5 n/cm2-s in the experimental volume near the source. 
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Plans have b·een drafted by the FMIT Project for conducting dosimetry at 
this facility. The Subtask Group on Environmental Characterization. (L. R. 
Greenwood, Chairman) of the Damage and Fundamental Studies Task Group of 
MFE was ~sked to review the proposed program. A meeting was held at ANL on 
March 9-10, 1978, including Subtask Group members and outside consultants. 
A formal report was then drafted and has been submitted to DOE. Copies of 
the report are available upon request to L. R. Greenwood (ANL). 

3. Dosimetry Standardization 

The OAFS Task Group Program Plan includes the standardization of 
dosimetry procedures in order to reduce uncertainties in damage analysis 
and correlation studies. Reactor dosimetry has been largely standardized 
thanks to the Interlaboratory Reaction Rate (ILRR) Program. However, no 
formal program exists at present for ex-reactor irradiations. 

R.ecP-ntly, committee E~lO of che ASTM has formed a Task Group H on 
"Procedures for Performing Ex-Reactor Neutron Irradiations," L. Greenwood, 
Chairman. A draft of the recommended practice has been written and is 
available on request. The plan is to complete work on these recommenda­
tions in time for the upcomming ASTM meeting in Richland, Washington. in 
July, 1978. 

4. Fission Reactor Dosimetry 

Spectral analysis has been provided for the Livermore Pool-Type Reactor 
(LPTR) at the request of J. Kinney (LLL). The irradiation and counting of 
the dosimeters was done at Livermore. Activation results were then sent 
to ANL for analysis. Data were obtained for 11 reactions, including cadmium 
covers on Co, Au, Cu, and Sc. The spectrum is about 40% thermal so that 
self-shielding effects are very large for the (n,y) reactions in the resonance 
region. 

The results for positions E7 and C4 in T.PTR ar~ ll(ivcn in TFt'blG~ 1 ... 2 uud 
ur:e 3hOWLl i.u F lgures l.-lU and I-11. A complete error analysis was performed, 
as shown in the data. Errors are large in the intermediate region between 
lo-2 and 1.5 MeV due to poor foil coverage. Thermal and fast fluxes, however, 
are quite well-established. The thermal values agree reasonably well with 
calculations done at Livermore; however, t:hP fast flux values are sumewhar: 
higher. The reasons for the differences are now being explored. 

Energy 
(MeV) 

Total 
< 5.5 
> 0.11 
> 1. 5 
> 2.5 
> 4.1 

* LLL 

X 10-7 * 

Table I-2. Integral Fluxes for LPTR 

(Flux x 1013 neutrons/cm2-s) 

E7 
Flux ± % 

5.92 ± 10 
2. 72 ± 5 
1. 90 ± 26 
0.33 ± 24 
0.13 ± 7 
0.034 ± 9 

reports thermal fluxes of 1.9x 1013 for E7 and 7.1 X 

20 

C4 
Flux ± % 

24.7 ± 36 
8.68 ± 5 
11.1 ± 64 
2.06 ± 16 
0.91 ± 7 
0.24 ± 6 

1013 for C4. 
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C. Alloy Development 

1. Hydrogen Permeation and Materials Behavior in Alloys of Interest 
to the Fusion Power Program 

Recent emphasis in this program has been directed towards (1) studies 
of hydrogen permeation in representative austenitic and nickel-base alloys 
and (2) construction of a small <~ 0.5-liter capacity) stainless-steel-clad 
vanadium alloy lithium loop. Progress in these two areas during the second 
quarter of FY-1978 is summarized below. 

a. Hydrogen Permeation Studies 

E. H. VanDeventer and V. A. Maroni, Chemical Engineering 
Division 

During this reporting period, we completed the permeation study of 316-SS 
and initiated permeation measurements on Inconel-718. The hydrogen permeability 
of 316-SS has now been thoroughly studied over the temperature range from 420 to 
1020 K using hydrogen driving pressures that ranged from 10-3 to 10'+ Pa (lo-s to 
102 torr). The least-squares refined results of 28 separate measurements may be 
represented by the equation 

~316_88 = 0.182 exp (-15,175/RT) (1) 

where~ is in units of cm3(STP)/m•s•kPa~, R is equal to 1.987, and Tis in 
K. The parameters in equation (1) are only slightly different from pre­
liminary values reported in the preceding progress report.47 (The previously 
given equation was based on both an'estimated membrane area and a smaller 
data set.) 

In order to extend the investigations into the lo- 3 to 10-1 Pa range, 
it was necessary to make pressure measurements with an ion gauge (instead of 
the capacitance manometer normally used above 10-1 Pa) and to operate in the 
dynamic cleaning mode,47 wherein a throttled ion pump is used in ~ombination 
wit4 a uranium hydride bed to provide continuous impurity removal at con­
stant hydrogen pressure. With this approach, we were able to maintain the 
purity of the low presgnre hydrogen in the upstream compartment at > 90% to 
temperatures of 1020 K. Although the uncertainty in the corrected ion gaug~ 
readings is greater than the uncertainty normally incurred with capacitance 
manometer measurements, the hydrogen pressures recorded with the ion gauge 
were considered to be sufficiently accurate for deducing pressure dependence 
effects in the lQ-3 to 10-1 Pa range. However, the data collected with the 
ion gauge were not used in the determination of equation (1). 

The combined results of all pressure dependence tests done on the 
316-SS sample are shown in Fi.gure I-12. A near-to-half-power dependence 
is observed at each of the indicated temperatures and the results appear 
to be unaffected by the presence of a 1 mCi gamma-source lodged in the up­
·stream compartment.47 It should be pointed out, however, that the ionizing 

47 ·c. C. Baker, et al., "Fusion Power Program Quarterly Progress Report: 
October-Uecember, 1977", Argonne National Laboratnr.y Report ANL/FPP-77-7 
(1978). 
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potential of this source (~ 10-14 /s at 1 cm) 48 is many orders of magnitude 
lower than the estimated ionizing potential in the radiation field near a 
fusion reactor first wall c~ l0-4/s at 1 cm).48 

Permeation measurements are presently underway on a sample of Inconel-
718. Results obtained to date are in very guod agreement with a recently 
published study49 done at much higher hydrogen pressures (i.e.,~ 105 Pa) than 
are normally used in our work. Baseline measurements have been completed 
for the as-received alloy at temperatures in the range 360 to 1050 K using 
hydrogen pressures from lo-1 to 104 Pa. Some evidence of deviations from 
a half-power dependence on pressure was observed at the lower end of the 
pressure range studied. This is believed to be due to irreversible forma­
tion of oxide layers that are stabilized by the ~ 0.5% aluminum normally 
present in Inconel-718. Deliberate oxidation of the sample will be performed 
to further investigate this effect. Details of the Inconel-718 study will 
be presented in the next progress report. 

Two titanium base alloys (Ti-6Al-4V and Ti-5Al-6Sn-2Zr-1Mo-0.25Si) have 
been received from John Davis at McDonnell Douglas Astronautics Company (MDAC). 
Initial attempts to electron-beam weld these alloys into the stainless steel 
couplings normally used in our permeation work50 were unsuccessful due to 
weld embrittlement. Subsequent conversations with John Davis of MDAC con­
firmed that these .titanium alloys c.annot be welded to 300-series stainless 
steel. Methods of preparing suitable permeation assemblies for these alloys 
are being investigated. 

48 

49 

50 

L. R. Greenwood, Argonne National Laboratory, personal communication. 

W. M. Robertson, Metal!. Trans. 8A, 1709 (1977). 

E. H. VanDeventer, T. A. Renner, R. H. Pelto, and. V. A. Maroni, J. Nucl. 
Mater. 64, 241 (1977). 

b. Tests of Vanadium Alloy Performance in a Liquid Lithium 
Environment 

D. L. Smith, Materials Science Division, and V. A. Maroni 
Chemical Engineering Division 

work on the stainless steel-clad vanadium alloy (V-15Cr) lithium loop 
is continuing. All that remains to the fabrication of this system is to 
tack-weld the flowmeter leads into position and to complete their closure 
with the cladding. Plans have been made to assemble the high-vacuum gas 
handling system that will be used to monitor and control the atmosphere 
in the interfa~e region between the vanadium alloy and the cladding. Set 
up of the loop, including the attachment of heaters and insulation, is 
expected to be completed during the,third quarter of FY-1978. 
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2. Microstructure of Irradiated Fusion Reactor First-wall Materials 

S. c. Agarwal, G. Ayrault and F. V. Nolfi, Jr., Materials Science 
Division 

In order to study the effects on microstructure of radiation damage 
and simultaneous displacement damage and helium production that will occur 
in structural materials in fusion reactors (FRs), the following investiga­
tions were performed. 

a. Dual-ion Irradiation of an Fe-15Cr-20Ni Alloy 

Annealed specimens of this experimental austenitic alloy were irradiated 
simultaneously with a 3.0-MeV 5 8Ni+ beam and a degraded 0.95-MeV 3He+ beam 
at the ANL Dual~ion Irradiation Facility~ Fig. I-13, and subsequently 
examined by ti:ansmission electron microscopy (TEM). Nominal dosP l.evQlo 
ranged from 3-2~ rlpa, the do~e rale was~ 3 x l0-3 dpa·s-1, the irradiation 
temperatun:! was 7UU"C, and the nominal He(appm) :dpa ratios were 5:1, 15:1, 
and 50:1 (a 15:1 He:dpa ratio is considered typical for FR operation). For 
comparative studies, specimens preinjected at room temperature with 15 appro 
He and irradiated only with Ni ions were also included. The doses and 
irradiation temperatures were the same a$ above. A temperature dependence 
study was also carried out in the range 600-800°C in order to determine 
any shift in the swelling peak associated with the high helium levels. For 
this study, the dose and He:dpa ratio were held constant at 12 dpa and 15:1, 
respectively. · 

2-MV VAN DEGRAAFF 
ACC~ERATOR 

uniFTLINES 
VAC 10-6 TORR 

LIGHT IONS 

HEAVY IONS 

UHV TARGET CHAMBER 
VACUUM 10-S TORR 

INSTRUMENTED 
DRIFT LINES MAGNETIC· 

10-7 TORR . DEFLECTOR /. 
H or He 

-~. 
···~··· I ~~~ il Ni-t; V, etc 

DUAL ACCELERATOR SYSTEM FOR SIMULTANEOUS BOMBARDMENT 

AND HELIUM INJECTION 

SAMPLES 

Figure I-13. Schematic of ANL dual-ion irradiation system. 
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From the temperature dependence study, peaks in both the swelling curve 
and cavity size were observed to occur at ~ 650°C indicating an apparent weak 
effect of helium on the swelling peak temperatures, Figure I-14 (the peak 
swelling temperature for this alloy is ~ 700~c51 when preinjected with 15 
appm He and Ni-ion-irradiated at lo- 2 dpa·s-1). Both the cavity number 
density and dislocation density decrease with increasing temperature and show 
a plateau in the vicinity of the peak swelling temperature, Figure I-15. In 
the dose dependence study, a strong dependence of cavity microstructure on 
He:dpa ratio was observed, Figure I-i6. A bimodal size distribution of 
cavities was found to persist to ~ 25 dpa in the 50:1 specimens and to ~ 6 
dpa in the 15:1 specimens. For both He:dpa ratios, the cavity number density 
decreased with increasing dose, Figure I-17 '· and was generally higher for the 
50:1 He:dpa ratio. In contrast, the dislocation density was nearly inde­
pendent of dose and He:dpa ratio, Figure I-18. This study also showed that 
up to ~ 6 dpa, the swelling is comparable for both the He:dpa ratios thus 
far examined (15:1, 50:1), and that above 6 dpa swelling is lower in the 
higher He:dpa ratio specimens, Figure I-19. 

5~. G. Johnston, et al., "The Effect of Metallurgical Variables on Void 
Swelling," GE R&D Report 76CRD019, Schenectady, N.Y.", (1976). 
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The results of the present work suggest the following conclusions: 

(a) The total swelling, and cavity sizes arid number densities are 
sensitive to the He:dpA ~atio. 

(b) At all doses to 25 dpa, the cavity number densities are substan­
tialiy higher in.the 50:1 specimens than in the 15:1 specimens 
suggesting that He is enhancing cavity nucleation significantly. 
Both sets of number densities decrease with increasing dose (to 
25 dpa) indicating that coarsening of the cavity distribution is 
occurring. 
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(c) The 50:1 specimens swell less than the 15:1 specimens; this is 
associated with higher number densities and smaller cavities in 
the 50:1 specimens. 

(d) There is no evidence for significant shifts in the peak swelling 
temperature induced by helium injected at a ratio of 15:1. 

(e) At 1~ dpa and 15:1 lle:dpa ratio, cavity growth is inhibited at 
temperatures above the swelling peak (650 to 800°C). 
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. b. Irradiation-induced Swelling anc~ -~egregation in a V-1.5 wt % 
Cr Alloy 

A promising refractory alloy for FR applications is V-15Cr-5Ti which has 
good radiation rP.~=:ponse, creep 8trensth, and is more fab·ricabl~ than binary 
V-Cr alloys. Studies of a V-15Cr binary alloy enable determination of the 
effects of Cr versus Ti on these properties so that alloy modifications for 
optimum performance can be made. Annealed specimens of this experimental 
refractory alloy were irradiated with 3.5-MeV Slv+ ions at 650°C to peak 
dose levels of 5 to 60 dpa. Specbnens were also irradiated for a temperature 
dependence study (450-650°C) at a fixed dose of 25 dpa, both with single-ion 
(3-MeV 51v+) and dual-ion (3-MeV Slv+ and 0.95-MeV degraded 3He+) beams. 
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Transmission-electron micrographs of the void population obtained under 
absorption contrast conditions in samples irradiated at 650°C to peak doses 
of 5, 15, 30, and 60 dpa are shown in Figure I-20. A strong increase in void 
size occurs with an increase in dose, but no obvious change in number density 
is apparent. Control samples that were shielded from the ion beam were also 
mounted in the irradiaLlon rig to ensure thP- same thermal history as the · 
irradiated samples. Micrographs showed that the control samples were very 
clean and were characterized by a low dislocation density<~ 10 8 cm-2). 

The effect of dose on the dislocation microstructure, imaged under two­
beam conditions using a {110} diffracted beam in an {001} foil, is shown in 
Figure I-21. An interconnected cellular dislocation structure is observed 
at 5 dpa, which coarsens and stabilizes by ~ 27 dpa. Regions of lower dis­
location density appear to contain the majority of the voids. This corre­
lation is more clearly demonstrated in Figure. I-22. The upper micrograph 
shows an area .in the 27-dpa specimen imaged under strong dislocation contrast 
conditions, and the lower micrograph shows the same area under absorption 
contrast conditions to enhance ·the visibility of the void microstructure. 

31 



1.6 

-~ e::. 1.4 
> :;; 
<J 

~ 
1.2 

I-
(.) 
ct 1.0 He: dpa a: 
LL. 

15:1 ~ UJ ppm:dpa :e 
~ 0.8 -.J 
0 
> 
>-
I-
> ct 
(.) 

UJ 0.4 (!) 

ct 
a: 
UJ 
> 
ct 0.2 

o~~~l-~~~~~-L-L_L~ 

0 5 10 15 20 25 

DOSE (dpa) 

Figure I-19. Dose dependence of swelling in Fe-20Ni-15Cr (dose rate = 3 x lo- 3 

dpa·s- 1, temperature= 700°C). 

Quantitative verification of the gP-neral swelling bel~vior presented in 
Figure~ I-21 and I-22 was also obtained. Figure I-23 gives the measured 
average void diameter as a function of irl;'adiatinn do&~ at 650 9 C. Tlu:! average 
'.roid diamGter lucreas~s linearly with dose, from rv 75 A at. 5 dpa to morP. thau 
900 A Rt 55 dpa. 'rhe ·vuld-number ut:!nsity and total swelling (tN/V) are plotted 
as a function of dose in Figure I-24. Although only a slight increase in 
in number density occurs between 5 and 55 dpa, the large increase in void 
size over this damage regime results in a dramatic increase in total swelling. 
A correction is included in the calculated total ~w~lling reoults to accoun~ 
for the voids that intersect the foil surface. Since the foil· thickness 
varies 'between 1000 and 2000 A, this correction is insignificant at the lower 

0 

doses. However, at 55 dpa the foil thickness (1200 A) and the void size 
(900 A) are comparable, and this introduces a large correction for surface 
voids. The computed swelling at this dose, including the correction (upper · 
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Figure I-20. Absorption contrast micrographs of V-15Cr specimens irradiated 
at 650°C to different dose levels. (a) 5 dpa, (b) 11 dpa, 
(c) 27 dpa, and (d) 55 dpa. 

Figure I-21. 

a b 

c 

Dislocation contrast micrographs of V-15Cr specimens irradiated 
at 650°C to different dose levels. (a) 5 dpa, (b) 27 dpa, and 
(c) 55 dpa. 
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shcQU in Figure I-14 imaged ~nder 
strong dislocation contrast (upper 
micrograph) and absorption ccntrast 
(lover micrograph). 
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Figure I-23. Average void size observed in V-15Cr 
as a funct~on of total dose. 
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Figure I-24.. Void number density and calculated total swelling for V-15Cr 
as a function of total dose. The total. swelling of the un­
alloyed V stock is also shown. 

limit), is 42%; without the correction, the value of total swelling at 55 dpa 
is 8.5% (lower limit) so that w~ estimate the actual swelling to be ~ 20% at 

·this dose. 

Figure I-24 ala,o shows the swelling curve for the unalloyed V of the 
SRJTIP. Rtock irradiated under e~;~sentially identical conditions in a previous 
study.52 In unalloyed V, the swelling initially increases with dose to a 
peak value of ~·o.4% at~ 14 dpa, and then decreases as the dose increases. 
This decrease in swelling at higher doses is accompanied by an increasingly 

52s. c. Agarwal and A. Taylor, Proc. Intl. Conf. on "Radiation Effects and 
Tritium Technology for Fusion Reactors," Vol. 1, 150, 1975. 
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high density of irradiation-induced coherent. {012}-type precipitates. 
precipitates appear to be associated with the presence of interstitial 
purities (C, 0, and N).53 . 

Work on the temperature dependence of the single-ion and dual-ion 
~rradiated specimens of V-15Cr is in progress. 

These 
im-

Auger spectroscopy measurements on this V-15Cr alloy have been perfor~ed 
by L. E. Rehn under Basic·Energy Sciences (BES) funding and are reported here 
because of their significance with respect to radiation effects in V alloys. 
Auger studies of the surface of irradiated and unirradiated specimens showed 
that Cr segregates to the surface (and presumably to other point-defect sinks) 
during irradiation. The Cr concentration near the surface was ~ 45% after 
15 dpa, which 'is a factor of three larger than the average concentration in 
the bulk<~ 15%), Figure I-25. Profiling of the segregation by sputtering 
away surface layQrs showed a subsurface :region reduced in C:r.

0
concQntration 

and a return to essentially bulk value at a depth of ~ 1000 A from the original 
surface. This depth is too large for the segregation to. have been Gibbsian 
in nature and suggests irrac;liation-inc'hirPr'l :;;egrQgation. 

53 s. C. Agarwal, D .• I. Potter and A. Taylor, ASTM STP 611, p. 298 (1976). 
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Figure I-25. Cr concentration vs. depth profiles for an unirradiated control. 
(0 dpa) and two irradiated specimens (15 and 60 dpa peak dose). 
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Cr is undersized in V and causes a fractional change in lattice parameter 
per atom fraction of solute equal to -6%.S4 The observed enrichment of Cr 
at the surface, which serves as a sink for both interstitial- and vacancy­
type defects, is therefore consistent with the size-effect prediction of 
Okamoto and Wiedersich.SS Similar measurements at our Laboratory on V-ion­
irradiated V-4Si also show enrichment of the undersized Si atoms at the 
surface. An attempt to profile the oversize solute Ti in a V-lOTi alloy was 
not successful because of interference between the Ti, V, and N Auger transi-· 
tions. However, the surface enrichment of Cr and Si in V indicate~ that the 
sign of the solute misfit parameter may determine the direction of substitu­
tional solute segregation during irradiation at elevated temperatures in 
binary alloys of body-centered-cubic (bee) V as well as in fcc Ni.S6 The 
results of the present work suggest the following conclusions: 

(a) The swelling in V-lSCr increases rapidly with dose at 610°C and 
is much greater than for unalloyed V at high do~es; no precipitation 
at any dose is observed in V-lSCr. These observations are consis­
tent with the thesis that refractory alloys tend to be low swelling 
because of a general propensity toward precipitation during irrad~­
tion. 

(b) The present results show that Cr atoms move toward defect sinks 
during irradiation of V-lSCr and provide the first direct experi­
mental evidence for irradiation-induced segregation of substitutional 
solute atoms in a bee alloy. 

S4o. N. Carlson and A. L. Eustice, USAEC IS-47, (19S9). 

SSP. R. Okamoto and H. Wiedersich, J. Nucl. Mater.,~' p. 336 (1974). 

S6D. I. Potter, et al., Proc. Intl. Conf. on "Radiation Effects in Breeder 
Reactor Structural Materials," M. B. Bleiberg and J. W. Bennett, eds., 
pp. 377-386, Metallurgical Society of AIME, New York, (1977). 

D. Special Purpose Materials 

1. Ion-implantation Damage in Amorphouc and Crystall.ing ~.4 aNiE?o 
. * M. D. Rechtin, J. Vander Sande, and P. M. Baldo, Materials Science 

Division 

Metallic glasses have recently evolved as an important new class of 
materials, not only scientifically but technologically.S7 These ~terials 
can exhibit urtexp~cted and highly desirable physical properties compared 
with their crystalline counterparts. A substantial amount of sciattific 
research has b~en devoted to metallic glasses composed of transition metals, 

* Massachusetts Institute of Technology, Cambridge, Massachusetts. 

57 J. J. Gilman, Physics Today 28, 46 (1975). 
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such as Fe, Co, and Ni, in combination with the metalloid elements B, ~, P, 
and Si.58 These alloys show excellent strength, hardness, elastic stiffness, 
and good thermal stability. 

Also great interest exists in glasses composed solely of metallic ele­
ments,59 and some results on the refractory metal-transition metal binary 
alloy Nb4oNi5o will be discussed in the present paper. Recent work60 has 
shown that amorphous Nb 40Ni60 is resistant to radiation damage at temperatures 
as high as 900 K. This phenomenon, in conjunction with thermal stability to 
nearly 1000 K and excellent mechanical hardness and strength,61 makes this 
material an excellent candidate for applications in radiation environments. 

Ion implantation has been used to produce amorphous layers in some 
metal-metalloid systems such as Ni-P.62 This modification of surface layers 
may be desirable for corrosion and abrasion resist~nce or) Rlii will be shoWI~. 
for resi~?tanc.e to cortain rad:lat1an-d.<~mago effects. Thermal spikes produced 
by the ion :Implantation result in cooling rates of "' 1014 K/s in the vicinity 
of the collision cascade. This effect may produce amorphous phases that 
would be virtually impossible to obtain by conventional roller or splat­
quenching methods. 

The amorphous Nb 40Ni60 was prepared by levitation melting "' 0.5 g of 
material and splat quenching with a copper hammer and anvil. The resultant 
specimen was several centimeters in diameter and 'V 50 ~ in thickness. 
Amorphous and partially crystallized 3-mm-diameter disks of Nb4oNi5o have 
been irradiated to peak doses of 20 displacements per atom (dpa) at room 
temperature and 900 K (in the vicinity of the glass transitio~ temperature). 
The implantations were performed in a vacuum of 7 x lo-8 torr with 3-MeV Ni+ 
ions at a dose rate of "' 3 x lo-3 dpa/s. The 20-dpa dosage corresponds to 
An intcgrateu lon flux of "' 1.5 x 10 16 ions/cm2. The peak in Ni+ ion damage 
is near 0.7 llm, and the peak of the implanted ion range is at 0.85 ~, as 
calculated by the Rrice code.63 These r.alculations use a threshold dis­
placement eue:r:gy nt 40 eV and a weighted average of the elemP.nt:-~1 donoities · 
in the crysta~line ~tAto. Varialluns in packing density of ± 5% alter the 

58
P. Duwez and S.C. H. Lin, J. Appl. Phys. 38, 4096 (1967); L. E. Tanner and 
R. Ray, Scripta Met. 11, 783 (1977). -

59n. E. polk and B. c. Gie~sen; Metallic Glasses (J. J. Gilman and H. J. Leamy 
eds.) ASM, Metals Park, Ohio, (1977). 

60
M. D. Rechtin, J. Vander Sande and P. M. Baldo, Proc. 35th Annual .F.MSA 
Conference, Boston, Massachusetts (1977), p. 42. 

61 
B. C. Giessen, M. Madhava, D. E. Polk and J. Vander Sande, Matl. Sci. and 
Eng., 23, 145 (1976). 

62
A. Ali~W. A. Grant and P. J. Grundy, Rad. Effects 34, 251 (1977). 

63n. K. Brice, Sandia Laboratories Report. SLA-73-0416, (1973). 
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Figure I-26. Microstructure of Nb4oNi60 after irradiation to 20 dpa 
at 900 K. 

Table I-3. Lattice Spacings and Intensities from the Electron Diffraction 
Pattern of Partially Crystalline Specimens Annealed at Tempera­
tures within the First Exothermic Peak. 

d-spacing (A) Intensity t* NiNb65 Ni3Nb66 

7.40 ± 0.1 w * 
6.53 ± 0.1 w * 
6.42 ± 0.1 w * 
6.36 ± 0.1 w * 
6.05 ± 0.1 w * 
5.77 ± 0.08 w * 
3.98 ± 0.08 w * 
3.72 ± 0.06 w * 
3.40 ± 0.05 w * w 
3.09 ± 0.03 w * w 
2.91 ± 0.02 w * 
2.83 ± 0.02 w * 2.56 ± 0.02 w * w 
2.46 ± 0.02 s s 
2.23 ± 0.02 s s m 
2.11 ± 0.02 s s s 
2.02 ± 0.02 m-w w s 
1.96 ± 0.02 m m s 
1.86 ± 0.02 m m 

t* w = weak, m = medium, The symbols s = strong. 
* = indicate agreement with calculated lines but not observed for X-ray scans, 

and - indicates not possible by calculation and not observed by X-rays. 

39 



location of peak damage only ± 0.03 ~. Specimens were prepared for electron 
microscopy by 6-keV Ar+ ion milling. A comparison of ion milling with con­
ventional chemical thinning indicated no ion-milling artifacts that might 
interfere with interpretation of the microstructure, and ion milling yielded 
better quality foils. The onl~ noticeable artifact of ion milling was the 
vitrification of a thin(< 50 A) layer of material on each surface bombarded 
with Ar ions. 

The damage distribution was examined by a series of sectioning operations 
beginning with a surface section and continuing through the damage peak into 
the unimplanted material. The damage distribution was such that the dose 
at the surface was equal to approximately one-third the peak dose value. 
Therefore, by examining a series of sections from the surface through the 
damage peak, we were able to investigate displacement damage ranging from 

0 

6 to 20 dpa~ l'he section nPpth.,: werQ determined to i 1000 A by upLlcal 
interferometer measurements of the step height between a sectioned region 
and a masked-off region. 

irradiations were p~rformed on both amorphous and partially crystalline 
samples. Some specimens underwent preirradiation annealing treatments ranging 
from 900 to 973 K. The glass transition temperature is ~ 900 K, and the 
first exothermic crystallization begins near 910 K, has a maximum at 940 K, 
and ends near 970 K.61 For those specimens that were initially amorphous, 
including those annealed below the crystallization range, the structures 
remained amorphous after irradiation to doses of 6 to 20 dpa at both room 
temperature and 900 K. Figure I-26 shows a representative microstructure 
from a 900 K irradiation with the typical low contrast "salt .and pepper" 
structure. The image was formed using an objective aperture that included 
the transmitted beam and the first intense diffraction ring. Within the 
resolution of the microscope, no evidence of crystallinity, phase separation, 
nor void formation was detected. The diffraction pattern from Lh~ irradiated 
specimens also exhibited no disr.Prnible difference from the coull:ul samples. 
At the level of displacfi!ment damaeP nsPn, no featureo attributaLl~:: Lu accumu­
lation of defects were observable; however, it is possible defects are present 
as very small clusters or atomic vacancies. Recent work on irradiation in­
duced volume changes in a glass metal-metalloid alloy64 may suggest these 
types of defects are present. 

Another group of specimens was annealed prior to irradiation at tempera­
tures within the bounds of the first crystallization peak. These samples 
were partially crystalline with interspersed amorphous material. Figure 
I-27(a) shows a TEM image of the microstructure of a specimen annealed at 
973 K (a temperature at the end of the first crystallization peak) for 10 
minutes in vacuum. The structure is representative of specimen depths beyond 
the ion-damage layer. The inserted selected area diffraction pattern in 
Figure I-27(a) was indexed using a gold foil standard pattern. The d-spacings 
and relative intensities for the indexed rings are listed in Table I-3. 
Comparison with X-ray diffraction results on the phases NiNb65 and Ni 3Nb66 

64
B. T. A. Chang and J. C. M. Li, Scripta Met. 11, 933 (1977). 

65
P. I. Kripyakevich, et al, Sov. Phys. Cryst. l, 165 (1962). 

66
E. N. Pylseva, et al, Zh. Neorg. Khim. l, 206 (1958). 
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(a) 

(b) 

Figure I-27. Specimen preannea1ed to 973 K for 10 minutes in vacuum and 
(b) specimen appearance after irradiation to dose > 6 dpa 
at room t~1perature or 900 K. 
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gave good agreement with the observed d-spacings and relative intensities of 
the hexagonal phase NiNb.65 It was not surprising to observe many more weak 
lines by electron diffraction . Electron diffraction is intrinsically a 
stronger scattering process. Calculations indicate that all observed lines 
could be ascribed to the NiNb phase. Furthermore, a number of indexed rings 
were present that corresponded to d-spacings greater than any possible 
diffraction line from the orthorhombic Ni3Nb phase. Therefore, one may 
infer that the first exothermic peak in the thermogram arises from crystalli­
zation of the NiNb compound. After irradiation of this partially crystalline 
specimen with Ni+ ions at both 900 K and room temperature, complete vitri­
fication has occurred at doses from 6 to 20 dpa. The microstructure after 
Ni+ ion bombardment, as shown in Figure I-27(b), has the uniform "salt and 
pepper" structure seen in the amorphous control samples and irradiated 
amorphous specimens (Figure I-26). Within the resolution of the microscope, 
we observed no crystallinity, phase separation, or void formation. 

Specimens were also annealed at lower temperatures within the range of 
the first crystallization peak. A set of samples was annealed 10 minutes 
in vacuum at 950 K (just above the maximum of the first crystallization peak) 
prior to ion bombardment. The structure in Figure I-28(a) is typical of 
the specimen beyond the ion-damage layer and consists of a mixture of NiNb 
crystallites and somewhat more amorphous material than in the specimen 
annealed at 973 K [Figure I-27(a)]. In Figure I-28(b), the microstructure 
after irradiation at 900 K is shown at a depth of ~ 1.0 ~, which is in the 
tail of the damage region. The dose level is uncertain but is probably less 
than a few dpa. The structure is predominantly amorphous in nature but some 
residual crystallites are present that have not been converted to amorphous 
material. This observation would suggest that conversion of the NiNh 
crystalline phase to amorphous material occurs at a relatively low level 
of irradiation. The complete reconversion to glass, produced by irradiation 
at both 900 K and room temperature, extended from the surface to A rlPpth 

of 0 .R-0 . 9 lJill• 

A final set of specimens was annealed 10 minutes in vacuum at ~ 930 K, 
which is at the low-temperature end of the first crystallization peak. 
Figure I-29(a) shows the microstructure that is typical of the structure 
outside the ion-damage r~gion. The microstructure is composed ~f a mixture 
of large grains (~ 1000 A), a high density of smaller (100-300 A diameter) 
grains, and amorphous material. As a result of the low temperature of 
annealing, this specimen has substantially fewer large grains and more 
amorphous material than the previous two examples. The crystalline material 
again appears to be the NiNb phase. Figure I-29(b) is a dark-field image 
of the microstructure at a depth of ~ 1.2 ~' which shows a number of micro­
crystallites or phase-separated regions of 30-100 A diameter. The dose level 
here is roughly 1 dpa and represents an early stage in the vitrification of 
this partially crystalline material. A completely amorphous layer began 
at the surface and extended to a depth of 0.8-0.9 ~ in the irradiated 
specimen. 
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(a) 

toool 

(b) 

Figure I-28. (a) Specimen preannealed to 950 K for 10 minutes in vacuum and 
(b) microstructure after irradiation to 20 dpa at 900 K but 
for a depth near the tail of the ion-damage curve at ~ 2 dpa. 
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(a) 

(b) 

Figure I-29. (a) Specimen preannealed at 930 K for 10 minutes in vacuum and 
(b) dark-field micrograph of the structure after irradiation 
to 20 dpa at 900 K but for section depth at the tail of the 
damage curve at ~ 1 dpa. 
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The refractory-transition metal glasses may show a high resistance to 
displacement-type radiation damage. No resolvable crystallization, phase 
separation, or void formation is observed at the 20-dpa level for irradiation 
at room temperature and 900 K. Furthermore, we have shown that the stable 
NiNb crystalline phase, embedded in an amorphous matrix, may be converted 
to the glassy state by cascade-type ion bombardment with no evidence of 
microstructural features attributable to accumulation of radiation-induced 
defects. The level of radiation damage at which the crystalline material 
transforms completely to amorphous material appears to be quite low, perhaps 
a dose as small as 1-2 dpa. These results suggest that this class of metallic 
glass should be investigated thoroughly as a prospective material for high­
flux radiation environments. 
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II. EXPERIMENTAL POWER REACTOR 

A. First-Wall/Limiter Design 

D. L. Smith, J. Krazinski and H. Stevens, Fusion Power Program 

The focus of the present study is the integrated design of a first-wall/ 
limiter system for a toka~ak Experimental Power Reactor (EPR). The deposition 
of high heat fluxes on the plasma-side surfaces of the first-wall system 
produces severe cyclic thermal stresses that can affect the integrity of 
first-wall components. For a reactor without a divertor, this surface heat 
flux is equivalent to ~ 25% of the neutron wall loading. About 40% of the 
surface heat flux (10% of the neutron wall load) is in the form of electro­
magnetic radiation» with the remaining 60% (15% of the neutron wall load) 
attributed to ion, neutral, and electron transport. 

The present first-wall design concept utilizes multiple radiatively­
cooled peloidal limiters. Several limiters are used in an attempt to dis­
tribute the heat load and thus reduce the energy deposition on each limiter. 
The maximum number considered, i.e., sixteen, corresponds to the number of 
toroidal field coils. The limiters are located at the joints of the ·flat 
blanket segments as shown in Figure II-l(a). Each limiter, which consists 
of five sections approximately 2 m long, conforms to the peloidal contour 1 
of the plasma [Figure II-l(b)]. From calculations by Brooks and co-workers, 
the average radial diffusion distance for plasma particles near the edge of 
the EPR is ~ 30 mm per toroidal revolution. Therefore, the spatial distri­
bution of particles striking the limiters is given by x = 30(mm)/N, where N 
is the number of peloidal limiters placed around the torus. For the case 
of sixteen limiters, the maximum outward diffusion between limiters is 
about 2 mm. In order to further reduce the energy density on the limiters, 
the front face is shaped slightly convex to form a low-angle interface with 
the plasma surface (see Figure II-2)-. 

The thermal responses of the limiters and f.i.rst,.,.,wall in the present 
design have been calculated for various conditions of interest with the 
CINDA-3G computer code, which was used previously to calculate the thermal 
response of tokamak reactor first walls during cyclic plasma burns.2 In the 
initial calculations, all of the transport losses from the plasma are assumed 
to be deposited on the limiters- while. the radiation losses are dist:r ibuted 
uniformly to the limiters and first wall as a function of the exposed surface 
area. The SO~s power cycle given in reference 2 was used for the present 
analysis. The thermal energy deposited on the face of the limiter is 
dissipated by thermal radiation from both the front and back surfaces of 
the limiter. Figure II-3 showR the cal.c;ulatcd thc:rmAl. respona;;.,_ uf the 
plasma-side surface of 1-cm-thick graphite limiters that effectively cover 
5, 10, and 20% of the total first wall area. The nominal neutron wall 
loading was 1 MW/m2 • Increasing the limiter area from 5 to 20% decreased 

1 

2 
J. N. Brooks, personal communication. 

D. L. Smith and I. Charak, "Thermal Responses of Tokamak Reactor First 
Walls During Cyclic Plasma Burns," Proc. Seventh IEEE Symposium on Engi­
neering Problems of Fusion Research, Knoxville, Tennessee (October 25-28, 
1977). 
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Figure II-1. Schematic of EPR Limiters 
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the maximum limiter temperature from 2500 to 1600°C and decreased the cyclic 
temperature variation from ~T = 1170°C to 480°C. The thermal response of 
the water-cooled stainless steel first-wall was also calculated. Figure II-4 
shows the surface temperature of the stainless steel wall with .and without 
the graphite limiters. The ~urface heat flux to the metal wall includes 
both the electromagnetic radiation .from the plasma and the thermal radiation 
from the graphite limiter. The larger limiters (10% of wall area) decrease 
the maximum metal temperature from 400°C for no limiter to ~R4°C while the 
cyclic temperature variation of the steel wall is decreased 'from ~T = 79°C 
for no limiter to ~T = 47°C with the 1-cm-thick graphite limiters that 
cover 10% of the wall. 

2 
When compared with the bare metal wall analyzed previously, the multiple 

limiter concept tends to reduc.e the magnitude of the cyclic ·thermal load on 
the stainless steel first wall. Since the limiter can radiate off the front 
surface as well as the back, the maximum temperature of the limiter is about 
the ~;;ame as that calculated for the graphite liner concept.2 It should be 
much easier to install, position, and replace the limiters than the larger 
liner slabs. 
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B. Impurity Control 

J. N. Brooks, Applied Physics Division 

The plasma engineering analysis of two types of novel impurity control 
schemes mentioned in the last qu~rterly report have b~en completed. These 
are a helium ret~ntion wall; and a limiter-based system. Both typP-s se.P.m 
simple compared to divertors. In both cases, with. what seems tp be fairly 
modest requirements, the burn time of an EPR can be extended from about 1 min 
to a time lim~ted only by volt-second limit~tions. For the helium retentip~ 
wall, a value of Ra e 0.85, or 15% retention, is ne~ded to achieve the lpng­
burn condition. Such a value seems achievable, over an ~ 30-min typical burn. 
time, by pumping helium from the wall during the off cycle, according to pre­
liminary estimate~ by Dale Smith of the Materi~ls Science Division. Further 
reductions in Ra improve the power performance spmewhat; this is useful but 
uut e~I::H:mtial. · 

The limiter-based system can be operated in several ways. If no pumping 
is used, some helium retention is probably needed along with about a 20% 
value for the reflected flux directed to the wall, If pu~ping is used, then 
the power performance can be made essentially equB,l to that obtainable with 
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a divertor, or any other means. Pumping and refueling requirements would be 
no worse, and in some cases better, than a divertor. It remains to be seen 
whether a limiter system can be designed to take the high heat load from the 
plasma. A tradeoff between power performance, ease of cooling, pumping and 
refueling requirements will probably be necessary, for this or any other 
system. 

In terms· of the application of these techniques, either one could po­
tentially be used for an EPR in order to demonstrate a burn t.ime equal to 
that needed for a commercial plant. A hybrid reactor, where power production 
is not critical but duty factor may be, might use e.ither one of these tech­
niques to obtain a long burn. For a commercial, power-producing reactor, 
the limiter based system used with pumping seems to offer the best potential 
of long burn and high output power. 

1. Control of TheB!l.~!. _ _!,nstabiJ,ities 

Several types of control measures have been examined as candidates for 
the control of thermal instabilitie.R in a tokamak reactor. These ar~: (1) 
DT d~neity ~uuLt·ul, (2) high-Z impurity control, particularly Ar, (3) energy 
confinement time control, and (4) control by ejection of a part1cles. 3 These 
control measures have been examined, in burri cycle simulations, for both 
trapped ion mode scaling (TIM) (particles and energy), and trapped electron 
mode (TEM) (eiectron energy and particles) and neoclassical (NC) (ion energy) 
scaling. In general, the control problem seems to be a difficult one, no 
one control method works perfectly under all circumstances except for 'E 
control which has yet to be demonstrated experimentally. It has been found 
that DT density control works well for TIM scaling but not for TEM-NC scaling. 
Argon injection looks feasible if there is little or no wall recycling of Ar, 
but is bad otherwise. Alpha ejection control works well only if the plasma 
is within about 30% of being in equilibrium, otherwise the amount of a's 
to be ejected would be too great. 

3"''"'""'".,"'" 

D. L. Jassby, "Thermal Stabilization by Controlled Ejection of Fusion 
Alpha Particles," Trans. Am. Nucl. Soc. ~ (1976). 

I 

c. Model Equilibrium Field Coil System 

K. Evans, Jr., Applied Physics Division 

Work has recently been completed on a generalized equilibrium field (EF) 
coil model for tokamak reactnrs) and tho EF coil~ fut a large variety of 
reactor configurations and plasma parRm~ters'have been inv~sti~aLed. In 
particula~, the sensitivity of the EF coil system to reactor size, toroidal 
field, aspect ratio, plasma shape, plasma S, number of coils, and distance 
of the coils from the plasma has been examined. 

The model consists of ·N coil pairs (one up and one down) equally spaced 
around the TF coils and a distance, 6, from them (see Figure II-5). The 
TF coils are assumed to be constant tension, and their shape is calculated 
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4 5 by the approximate method of Moses and Young. ' The current in the coils is 
determined by a simultaneous least squares fit to the desired external field 
inside the plasma and a minimization of the stored energy in the EF system.6, 7 

The desired field, which is calculated numerically by fixed boundary MHD cal­
culations for a given plasma boundary and plasma parameters,8 is required to 
be matched by the coil system with an average relative error of 0.4%. The 
size of the EF coils is adjusted by iteration to achieve a given current 
density in the coils. 

It has been found that there are problems in making an EF coil configura­
tion for highly D-shaped plasmas. (Highly D-shaped plasmas appear to have 
higher critical S values and hence are desirable for reactor performance.) 
In addition there are difficulties with the EF system for high toroidal field, 
small (R < 6 m) reactors. 0 . 

The stored energy in the EF system using this model has been found to 
be fit to within 20% by the following formula: 

u(GJ) = 1.3 x 10--4 F(K,d) A.:_l exp[0.53~(m)] [R
0

(m) ] 2 "2 [BTFC(T) ] 2•8 • 
max 

The form factor F(K,d) is highly model dependent and is unity for K = 1.65 and 
d = 0.25. (The plasma cross section i!; given by R "" R0 I· 4 ~.:.us (6 4' d sin. tj) 
and Z = K cos e.) For this EF coil model F(K,d) is well fit by 

F(K,d) = 1.9 2.5 K + 1.4 K2 + (11.7 - 20.0 K + 7.0 K2) d 

Since a realistic reactor may not have EF coils in the central region inboard 
of the TF coils, and since the more highly D-shaped plasmas need coils in 
this region, the form factor F(K,d) should probably increase more rapidly 
with d than the model indicateR. In particular, il was found in reference 7 
that an EF design for d = 0.5 am~ K = l.n'l r.ould not be proJuct:!cl. 

4 

5 

6 

7 

8 

R. W. Moses, Jr. and W. c. Young, "Analytic Expressions for Magnetic 
Forces on Sectored Toroidal C:ni.ls," Proc. of the 6th Symposium on Engi­
neer'ing Problems of Fusion Research (1975) 'PP• 917-nl. 

L. R. Turner and M. A. Abdou, "Computational Model for Superconducting 
Toroidal-Field Magnets for a Tokamak Reactor," Argonne National Laboratory, 
ANL/FPP/TM-88 (1977). 

A. M. M. Todd, "Calculation of Coil Currents to 'Produce a Civcn v.,o::uuw 
Peloidal F.Leld," l'rinceLun Plasma Physics Laboratory, PPPL-TM-300 (1977). 

J. Brooks, K. Evans, Jr., H. Stevens and L. Turner, "The Equilibrium Field 
Coil Design for the Argonne EPR Design," Seventh Symposium on Engineering 
Problems of Fusion Research, Knoxville, Tennessee (1977). 

K. Evans, Jr., "High St Equilibria in Tokamaks," Argonne National 
Laboratory, ANL/FPP/TM-98 (1977); also submitted to Nuclear Fusion. 

52 



III. FUSION SYSTEMS ENGINEERING 

A. Fusion Reactor Systems Studies 

M. A. Abdou, Applied.Physics Division 

The work to upgrade and document the systems code for tokamak power 
plants has continued. A study has been completed to compare the performance 
and economics of refractory alloys and stainless steel as structural materials 
in the first wall and blanket. The results of the study are presented in 
reference 1. The following is a brief summary of the results. 

A reference reactor with the parameters shown in Table III-1 and a primary 
lithium coolant was chosen for this study. The performance and economics of 
stainless steel and a vanadium alloy (representative of the refractory alloys)· 
as structural materials were compared by examining two cases. In the first 
case, stainless steel is employed in the first wall, blanket structure, pri­
mary coolant piping and pumping, heat exchangers and the balance of the heat 
transfer and transport system. In the second case, vanadium is used in the 
first wall, blanket structure, primary coolant piping and pumps and the inter­
mediate heat exchanger (IHX). In the IHX the materials are switched so that 
stainless steel (or any other conventional material) is employed in the bal­
ance of the heat transfer and transport system. This scheme is found to be 
the most promising technique for utilizing the refractory alloys because: 
(1) the liquid lithium coolant is always in contact only with the refractory 
alloys. Problems of impurity transport that could arise if "material switching" 
is made somewhere in the primary coolant piping are avoided; and (2) the 
intermediate coolant loop, thermal energy storage, steam generator and power 
loop employ a conventional less expensive material and state-of-the-art tech­
nology. 

Table III-2 shows the reference parameters ~or the heat transfer and trans­
port system for the two cases of stainless steel and vanadium. The material 
plus fabrication cost is assumed to be 30 $/kg for stainless steel and 440 $/kg 
for vanadium in the first wall and blanket. The cost of the pumps, piping and 
IHX· for the primary loop in the case of stainless steel was taken from the 
PLBR cost data (see reference 2). The cost of the vanadium primary loop was 
assumed to be three times that of the stainless steel loop. 

Figure III-1 displays the cost of energy as a function of the total down­
time required to replace the first wall and blanket for L in the range 1-6, 
where Lis the ratio of the lifetime of vanadium to that of-stainless steel. 
The results in this figure show that: (1) if the downtime is ~ 150 days, a 
significant saving in the cost of energy can be achieved by using the vanadium 

1 

2 

M. A. Abdou, et al., "Systems Studies on Technology and Economic Aspects of 
Tokamak Power Plants," Presented at the Third ANS Topical Meeting on the 
Technology of Controlled Nuclear Fusion, May 9-11, 1978, Sante Fe, New 
Mexico. 

"Prototype Large Breeder Reactor and Target Plant-Phase I: Concept Selection," 
General Electric Company, NEDM-14117 (1976). 
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Table III-1. ·Reference Reactor Parameters 

Thermal Power, MW 

Neutron Wall Load, MW/m 

Major Radius, m2 

Maximum Toroidal Field, T 

Inner Bl.anket/Shield Thickness, m 

Outer Dle.nket/Sldeld Thickness, m 

4950 

4 

7.3 

9 

8 

1 

1.3 

Table III-2. Reference Parameters for the Heat Transfer 
and TranRpnrt Sygtem 

Structural Material in the Blanket Stainless Vanadium 
and Primary Loop: Steel Alloy 

Primary Coolant Lithium Lithium 

Intermediate/cycle Na/steam Na/steam 

Maximum Structure Temperature, oc 500 620 

Steam Temperature, oc 292 442 

Th..,nnodyu<£mic Efficiency, ~~ 30.1 34.4 

Net Electric Power, MW 1420 1630 

Blanket Structure, vol-% 10 0 

No. Coolant Loops 4 4 
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' 
alloy provided that it offers a factor of 2 or more improvement in the life-
time of the first wall and blanket structure compared to stainless steel. 
(2) For downtime in the range of 100 to 150 days, a factor of 3 advantage in 
the longevity of the first wall and blanket structure is required in order 
for the vanadium alloy to offer a marked economic advantage over stainless 
steel. (3) If the downtime is short, 50 days or less, the economic viability 
of the vanadium alloy (and similarly all refractory alloys) is not assured as 
it must offer a factor of 6 or greater better life than stainless steel. 

1. Systems Studies of Fusion Reactor Tritium Facilities 

R. G. Clemmer, Chemical Engineering Division 

The computer program TCODE has now been fully integrated into the ANI. 
fusion reactor systems package. A report! describing TCODE is in preparation. 
Two papers that include descr:f.ptions of the tritium systems studies will be 
presented at upcoming meetings.2, 3 Work on this aspect of the systems studies 
is now essentially complete for FY-1978. 

1 R. G. Clemmer, "TCODE - A Computer Code for Analysis of Tritium and Vacuum 
Systems for Tokamak Reactors, 11 Argonne Nl'l.tional Laboratory, ANL/FPP/'l'M-110 
(1978). 

2 M. A. Abdou, R. G. Clemmer, V. A. Maroni, et al., "Systems St~dies on Tech~ 
nology and Economic Aspects of Tokamak Power Plants," Presented at the Third 
ANS Topical Meeting on the Technology of Controlled Nuclear Fusion, May 9-11, 
1978, Santa Fe, New Mexico. 

3 M. A. Abdou, c. C. Baker, R. G. Clemmer, V. A. Maroni, G. Fuller, et al., 
"Impact of Technology·and Maintainability on Economic Aspects of Tokamak 
Power Plants," to be presented at thP. Seventh IAEA Confe;;~uce on Plasma 
Physics and Controllt:!tl Nuclear Fusion Research~ August 23-30, 1Q7R~ Innsbrucllt 
AuAtri.a. 

B. Development of ~lanket_Pror.essing Technology fo~ Fusion Reactors 

The program under way in the Chemical Engineering Division to initiate 
the development of processing techno]ney for liquid lithium fusion reactor 
blankets is continuing. Progress during the second quarter of FY-1978 is 
summarized below. 

1. Lithium Processing Test Loop (LPTL) 

J. R. Weston and V. A. Maroni, Chemical Engineering Division 

During the second quarter of FY-1978, the LPTL wao brought up to con­
tinuous operation and at the time of writing had gone through 2000 consecutive 
hours of service. A graphical representation of the time-temperature histories 
for the reservoir tank, getter trap and cold trap is shown in Figure III-2. 
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Figure III-2. Time-temperature Histories and Impurity Concentration 
Profiles for the First 2000 Hours of LPTL Operation. 

This gr.aph illu.strates the controlled temperature ramp-up during the first 
400 hours and the gradual cooldown of the cold trap crystallizer section 
during the initial series of cold trap/getter trap tests. 

The only problems encountered thus far have been associated with the 
burn-out of heaters on the getter trap and reservoir tank. These burn-outs 
appear to be oc.curring due to a flaw in some of the heaters and steps to cor­
rect the problem are being taken with the help of the vendor. Because sub­
stantial excess heating capability has been built into the LPTL vessels, 
these initial burn-outR did not cause a shutdown of the facility. The burned­
out heaters wi+l be replaced during a scheduled maintenance period in early 
May, at which time we also plan to complete construction of and fill the salt 
tank. 

The results of experimental tests on the LPTL during the second quarter 
of FY-1978 are summarized below: 
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Cold Trap Heat Balance Tests: At the request of workers at HEDL who 
are designing a cold trap for an FMIT support facility, a series of tests 
were conducted to determine the thermal hydraulic performance of the LPTL 
cold trap (see Figure III-3). As the cold trap is presently instrumented, 
it is possible to measure lithium flow rate, inlet and outlet lithium tem­
perature, minimum crystallizer temperature and power input to the economizer 
section as well as the flow rate, inlet temperature and exit temperature of 
the cooling air. Typical results show that without any heat input to the 
economizer and with a lithium flow rate somewhere in the range from 1 to 4 
gpm, the lithium temperature is reduced from 420°C at the cold trap inlet to 
~ 200°C in the crystallizer, but exits the trap at 390°C after recirculating 
through the economizer. Although the balance between the heat lost in the 
crystallizer and the heat carried off by the cooling air can only be made in 
round numbers, 'it does appear that the actual lithium flow rate is greater 
(possibly 1.7- to 2.0-X) than the empirically calculated flow rate determined 
for the type of flow meter used on tho LPTL. (It will be possible to cali­
brate the LPTL flow meters more accurately after the salt tank has been brought 
on line.) On the whole, the LPTL cold trap.appears to be adequately designed 
to achieve minimum cold trap temperatures (~ 195°C) at peak loop operating 
temperatures <~ 500°C) for reasonable lithium flow rates (1 to 2 gpm). 

Impurity Control Tests: The results of oxygen and nitrogen sampling 
studies carried out during the first 2000 hours of LPTL operation are shown 
in Figure III-2. Nitrogen rose to a level of ~ 2500 wppm during the first 
500 hours, but has since shown a steady decline to something less than 700 
wppm, which is well below the saturation solubility of nitrogen1 at a cold 
trap temperature of 200°C. It is not clear at this time howmuch of the 
apparent nitrogen control is due to the zirconium-packed getter trap and how 
much is due to a re-equilibration of nitrogen between the lithium and the 
chromium in the stainless steel. A series of experiments is being formu­
lated to help resolve this question. 

Although the data for oxygen are limited to only two points, 'the oxygen 
leve1 also appears to be declining with time. While this decline seems to be 
correlated with cold trap temperature, the measured oxygen levels are approx­
imately 10-X higher than the predicted saturation solubility2 at the corres­
ponding cold trap temperature. A series of experiments, wherein oxygen 
samples are taken during controlled ramp-up of the crystallizer temperature, 
is planned to pravi.de a more defin:l.ti.ve tsst of o:~tygen level sensitivity to 
cold trap temperature. 

1 

2 

R. M. Yonco, E. Veleckis and V. A. Maroni, Jour>nn7. of Nuatoar Mater>1:a?.s, ':J7, 
317 (1975). 

R. M. Yonco, v. A. Maroni, J. E. Strain and J. H. DeVan, "A Determination of 
the Solubility of Lithium Oxide in Liquid Lithium by Fast Neutron Activation," 
submitted for publication in the Jour>nal. of NuaZoar Materials. 
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Figure III-3. Diagram of the LPTL cold trap presently in use. 
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Spectrochemical analysis,of one lithium sample from the LPTL showed that 
the major metallic impurities in the bulk lithium were aluminum (200 wppm), 
calcium (80 wppm) and zirconium (200 wppm). It is worthy of mention here 
that all sampling of the LPTL is done from the reservoir tank, using filter­
tipped ·samplers of the type described in previous publications.l,2 These 
publications also contain descriptions of the analytical methods currently 
being employed. 

2. Supporting Studies 

R. M. Yonco, V. A. Maroni and R. W. Peterman*, Chemical Engineering 
Division 

During the second quarter of FY-1978 the lithium mini-test loop (LMTL) 
was returned to. operation after refurbishing of the heating and leak sensing 
systems. The LMTL (see referenc~ ~ for a rleR~ription) is currently operatiug 
at !>UU"C in the main looo and 600°C in the zirconium getter trao. Samoling 
studies aimed at determining nitrogen level sensitivity to getter trap tem­
perature have been initiated. The LMTT; is approaching 7000 actual oper:ating 
hours since its startup in September of 1976. 

Work on the development of the control circuits for the LPTL salt tank 
is now eRRenti~Jly completed. The c.onti:ul system has been successfully tested 
on the half-scale glass mock-up of the salt tank. Preparation for filming of 
the mock-up in operation and for tests of stirring profiles is underway. 
Bromobenzene containing dissolved iodine (to provide a pink color for con­
trast) and benzoic acid is used to simulate the salt phase. An ~ 10-3 normal 
aqueous solution of NaOH is used to simulate the lithium phase. After intro­
duction of the aqueous base to the bromobenzene solution the titration reaction 
between NaOH and the benzoic acid is followed using bromcresol purple as an 
indicator. The effects of stirring speed and stirrer shape can be studied 
by timing the blue to yellow color change in the aqueous phase. These tests 
are expected to provide insights concerning stirrer configuration, location 
and speed that may be useful in selecting par.ame.te.rs for the LPTL salt tank 
stirring system. · 

* 
1 

Undergraduate Cooperative Student f~om Northwestern University. 

lv. M. Stacey, Jr., et al., "Fusion Power Program Quarterly Progress Report: 
July-September, 1976," Argonne National Laboratory, ,ANL/CTR ... 76-5 (January, 
1977). 

c. Safety Stuuies of Fusion Concepts 

1. Analysis of Tritium Soaking Mechanisms 

R. G. Clemmer, R. H. Land and V. A. Maroni, Chemical Engineering 
Division 

The new Overhoff tritium monitor originally scheduled for delivery in 
early February has just been received. Check out of this monitor is in prog­
ress and the experimental studies described in the preceding quarterly progress 

60 



1 
report are about to get underway. Several modifications hav.e been made to 
the bench-scale air detritiation apparatus to provide greater flexibility 
in testing oxidizer beds and moisture traps and to accommodate the new 
tritium monitor •. 

A number of major improvements have been made in the computer code TSOAK •. 2 

This program, which calculates the effects of tritiated water formation/adsorp­
tion/release mechanisms ·On air detritiation operations, now has the capability 
to track actual experimental data (from our test chamber and others) over the 
entire time span of a tritium cleanup operation. The problem of plateauing 
of the cleanup curve near the end of a simulated cleanup operation, described 
in the previous report, 1 has been resolved. Figures III-4 and III-5 show the 
results of an attempt to fit a previously measured cleanup curve obtained for 
a controlled T

2 
release to our small test chamber.2 The dashed curve in 

Figure III-4 represents an exact fit to the actual data, while the solid 
curve in Figure III-4 delineates the ideal cleanup curve expected in the 
absence of HTO adsorption and release effects. The dotted curve in Figure 
III-4 tracks the amount of tritium soaked into the test chamber surfaces as 
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Figure III-4. Air ·Detritiation Curves for a Typical Cleanup Operation Using 
the Bench-Scale Test Chamber. The dashed curve exactly 
matches ~he observed experimental curve. 
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Curves in Figure III-4. 

a function of t~me, FigurP. T.II-5 shows the calculated variations in T2 , HT 
and HTO concentratio11s with timQ. Although it is not: presently within our 
capabilities to measure (to any degree of accuracy) the T2 , HT and HTO con­
centrations and the amount of soaked tritium (Figure III-4), the results in 
Figures III-4 and III-5 (particularly the relative concentrations of HTO and 
HT + T2 near the end of the cleanup operation) are generally consistent with 
other experimental ob!iervations described in previous reports (see reference 
2) 0 

1 C. C. Baker, et al., 11FusiQn Power Program Quarterly Progress Report, 
October-December, 1977, 11 Argonne National Laboratory. ANT.../FPP-77--7 (1977). 

2 
R. G. Clennner, R. H. Land, V. A. Maroni and J. M. Mintz, 11 Simulation of 
Large Scale Air-Detriation Operations by Computer Modeling and Bench-Scale 
Experimentation, 11 Argonne National Laboratory, ANL/FPP-77-3 (November, 1977); 
also, published in abridged form :f.n the Proceedings of the Seventh IEEE 
Symposium on Engineering Problems of Fusion Research, October 25-28, 1977, 
Knoxville, Tennessee; IEEE Publication No. 77CH1267-4-NPS (1977). 
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D. MACKLIB-IV, A New Library of Nuclear Response Functions 

Y. Gohar and M. A. Abdou, Applied Physics Division 

A new library, MACKLIB-IV, of processed nuclear data for neutronics 
analysis of nuclear systems has been generated. The library was prepared 
using the new version of the MACK code, MACK-IV,l and nuclear data from 
ENDF/B-IV. The library includes all nuclear response functions for all 
materials presently of interest in fusion and fusion-fission hybrid appli­
cations. The new library2 is a significant upgrade from the earlier version, 
MACKLIB.3 

4 MACKLIB-IV employs the CTR energy group structure of 171 neutron groups 
and 36 gamma groups. A retrieval computer program is included with the li­
brary to permit collapsing into any other energy group structure. The library 
is in the new format of the "MACK-Activity Table" that uses a fixed position 
for each specific response function. This permits the user, when employing 
the library with present transport codes, to obtain directly the nuclear 
responses (e.g. the total nuclear heating) summed for all isotopes and inte­
grated over any geometrical volume. The response functions included in the 
library are neutron kerma factor, gamma kerma factor, gas production and 
tritium breeding functions, and all important reaction cross sections. 

One of the significant improvements in MACK-IV is the provision for two 
different calculational techniques for neutron kerma factors: (a) the nuclear 
kinematics path that utilizes only the neutron data files in ENDF/B; and (b) 
the gamma production path that employs the gamma production files as well as 
the neutron files. The ENDF/B-IV evaluations were reviewed for each material 
and an appropriate calculational technique was selected to ensure the relative 
validity of the results. 

As an example, the neutron kerma factor, k , for beryllium is plotted in 
Figure III-6 for three cases: (1) ~ based on RNDF/B-III data using the 
nuclear kinematics path; (2) ~ based on ENDF/B-IV data calculated with the 
nuclear kinematics path; and (3) ~ based on ENDF/B-IV data using the gamma 
production path. Comparing( i) and (2), one notes that the changes in the 
basic data from Version III to Version IV is very small. The neutron kerma 
fac::tor calculated in Case 2 is higher than that in Case 3 at high energies 
(> 10 MeV). The reason is that no information on the individual levels· 

1 M. A. Abdou, Y. Gohar and R. Q. Wright, "MACK-IV, A New Version of MACK: A 
Program to Calculate Nuclear Response Functions from Data in ENDF/B-IV 
Format, 11 Argolme National Laboratory, ANL/FPP-77-5 (1978). 

2 Y. Gohar and M. Abdou, "MACKLIB-IV, A Multigroup Library of Nuclear Response 
. Functions," ANL/FPP/TM-106 (1978). 

3 

4 

M. A. Abdou and R. W. Roussin, "MACKLIB: 100-Group Neutron Fluence-to-Kerma 
Factors and Reaction Cross Sections Generated by the MACK Computer Program 
from Data in ENDF FORMAT," Oak Ridge National Laboratory, ORNL-TM-3995. 

R. W. Roussin, et al., "The CTR Processed Multigroup Cross Section Library 
for Neutronics Studies," Oak Ridge National Laboratory, ORNL/RSIC-37 (1977). 

63 



"' 0 -~: 
0 ...... cz:., 
...... 0 
z: 
0: 
cz: 
a:l 
• . > 
cu 0 -0: 

0 ...... 
u.., 
if ~- Gamma Path (ENDF/IV) 
<: 
-~ 
LLl 
~"'a 

-.._ __ ~_;,j 

-· I -1 

'§ ···7······~-~-~-~-~-~-1 _,-rr' 
.-4 ~·1-~ __ _,,...J .. 
~~~~~~~~~~~Tn~~~~~-r~~~~rnTm~~~mw~~~mr-T~Tmm-~~~ 
V' 10-1 10

1 

ENERGY (eV) 

Figure III-6. Neutron Kerma Factor for Beryllium. 

(par~ial level cross sections) are given in the neutron files for the (n, 
charged particles) reactions. ·In this case it is clear that the results from 
Case 3 are more accurate than those of Case 2 and, hence, the kerma factors 
calculated from the gamma production path are adopted for inclusion in MACKLIB-IV. 

The library also includes response functions for fissionable materials. 
The neutron kerma factors for 235u, 232Th and 238u are displayed in Figure 
III-7. Using the kerma factor methpdology for calculation of nuclear heating 
in nuclear systems with fissionable·materia1s should provide a significant 
improvement over the approximate methods commonly used at present. Table 
III-3 compares the neutron kerma factors in MACK-IV3 to those in the earlier 
version of ·MACKLIB2 for several materials. The comparison is shown for 
selected energy ranges where large differences occur. These differences 
reflect a combination of effects due to changes in basic nuclear data between 
Versions III and IV of ENDF/B as well as differences in calculational methods. 

The library is useful as a tool for neu~rortics and photonics analysis in 
many nuclear systems. 

64 



3~----~--------------------------------------------------------, 

s 
0 ...... 

"'o ...... 

I 
I 
I 
I 
I 
I 

-------, I 
o I 
o I ------. ,--._ -· -.... ___ .. ~ 

I I 
I I 1-t 
II I 1 
I I It 
II It 
II It 
II I 1 

I 1 
I 1 

' ' I I 

' ' I 1 
I 1 
II 
II 

0 I 0 
1- I 1 

I I - 1 

' -· 

-· I-

I 

I I I r-
I II Jl 
,_ 1 _, I lj 

: : : : : __ ; .. _,.---' 
I 1 I I ,. .. -1 _ .. 1 -,. I -

: : :_: ,_,.., ol 

II 
o I 
I I 
I I 
I I 
I I 
I 1 

' I 

~ _____ , 

1_1 

04-~~~~~~~~~~~~~-~~-r~~~~nm.-~~~~~~~~~~~~ 
...... 10_2 10-1 10° 10 1 102 103 10' 105 

. 106 107 109 

ENERGY (eV) 
Figure ·nr-7. Neutron Kerma Factors for 235u, 23Bu and 232rh. 

Table III-3. Comparison of Neutron Kerma Factors in MACKLIB-IV2 and MACKLIB3 
for Several Materials in Selected Energy Groupsa,b 

E nergy G. roup (M V) e 

13.499-14.918 10.0-11.052 .. 1. 0026-1.102 ' 

Mat. MACKLIB/IV MACKLIB MACKLIB/IV MACKLIB MACKLIB/IV MACKLIB 

Be 3.018 3.473 1.848 2.738 0.516 0.521 
6Li 4.901 4.400 4.760 4.154 1.684 1.782 
7Li 4.185 3.313 3.785 2.952 0.408 0.416 
lOB 6.260 3.686 5.002 3.433 1.118 1.518 
12c 4.618 3.244 1.980 2.407 0.350 0.364 

Al 6.252 4.010 2.852 2.893 0.148 0.206 

Nb 1.207 1.045 0.764 o. 792 0.082 0.093 

Cu 3.517 2. 712 1.898 1.994 0.096 0.101 

Pb 0.282 0.266 0.232 0.252 0.041 0.047 

a. All MACKLIB kerma factors are based on ENDF/B-III data but those of 
MA.CKLIB-IV are based on ENDF/B-IV. 

b. All neutron karma fa~tors in units of MeV-barn/atom. 
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E. Energy Storage and Power Supply Requirements for Commercial Fusion Reactors 

J. N. Brooks, Applied Physics Division 

Detailed burn cycle studies of the startup and shutdown phases of the 
reference 7-m reactor have been performed in order to define the driving sys­
tem requirements. For the present, SCR-type voltage sources have been assumed 
to drive both the OR and EF coils. The role of oxygen contamination, startup 
density level and neutral beam heating power on startup requirements has been 
examined. In general, it has been found that all of the power supply require­
ments have been decreased over previous estimates. The role of resistive 
volt-second losses in the plasma, which formerly dominated the choice of oper­
ating point, has been reduced substantially because of the new experimental 
data and the simulated use of various cost-savings techniques. An example 
of the power sup.ply requirements, for one particular mode of operation (not 
the optimum), are resistive volt-seconds for. &tartup "" 17 v-s (down from 
125 v-s); EF maximum power- 1369 MVA (down from 3651 MVA); and EF stored 
energy- 20 GJ (down from 4.6 GJ). The total power supply system cost, ex­
clusive of the neutral beam power supply cost~ for this particular case is 
$YO M, down from about $167 M. 

F. Blanket/Shield Design Evaluation for Commercial Fusion Reactors 

1-. Blanket/Shield Design Study 

D. L. Smith, R. Clemmer, s. D. Harkness, J. Jung, J. Krazinski, 
H. c. Stevens and c. K. Youngdahl, Fusion Power Program 

A study of tokamak ·reactor first wall/blanket/shield technology has been 
initiated in cooperation with McDonnell Douglas Astronautics Company (MDAC). 
The objectives of this program are the irlent:I.H.cation of key tl!!cltnolugical 
limitations for various tritium-breeding-blanket design concepts, establish­
ment of a basis for a&&Qsemcnt and coiitfJarh;on o'l the design features of each 
concept, and development of optimized blanket designs. The approach being 
used involves a review of previously proposed blanket designs, analysis of 
critical technological problems and design features associated with each of 
the blanket concepts, and a detailed evaluation of the most tractable. de&ign 
c.oncepts. 

Initial phases ·of the program involve the evaluation of tritium-breeding 
blanket concepts according to the proposed coolant. The ANL effort is presently 
evaluating liquid-lithium-cooled blanket designs while MDAC is evaluating 
helium-cooled designs. A joint effort has been undertaken to provide a con­
sistent set of materials property data that will be used for analysis of all 
blanket concepts. The neutronics and tritium processing analyses are being 
conducted at ANL and the overall systems analyses are being coordinated by 
MDAC. 

A generic 2400 MWt tokamak power reactor with a major radius of 7.0 m, 
a minor radius of 2.3 m, and a slightly elongated plasma is used for the blanket 
analyses. Other reactor design parameters are summarized in Table III-4. The 
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Table III-4. Basic Machine Design 

Major radius 

Minor radius 

Aspect ratio 

Elongation factor 

Vacuum scrape-off region 

Maximum toroidal-field 
region 

Plasma volume 

Wall area 

Toroidal beta 

Peloidal beta 

q(o) = 1 

Plasma current 

· Average electron temperature 

Average ion·temperature 

Average ion density 

Average alpha particle 
density, 

Average electron density 

Peak thermal power 

Peak average neutron wall 
loading 

Peak average total wall 
loading (no divertor) 
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7.0 m 

2.33 m 

3.0 

1.3m 

0.2 m 

9 T 

950 m3 

729 m2 

0.07 

1. 75 

11.6 MA 

8 keV 

7.95 keV 

1.5 x 102 0 m-3 

3.2 x 102 0 s-m-3 

1.87 X lQlS m-3 

1.93 x 1020 m-3 

2380 MW 

2.41 MW/m2 

3.26 MW/m2 

·1. 71 

30 minutes· 

1 minute 



impact. on blanket design produced by a nonbreeding inner blanket and displace­
ment of breeding volume by a divertor. are being evaluated parametrically. 

Th~ two main aspects of the materials considerations are the specification 
of the design criteria and a compilation of materials property data. The stress 
criteria are based on elevated temperature design criteria specified by the 
ASME Boiler and Pressure Vessel Code. The structural materials, tritium breeding 
materials, and coolants being considered are summarized in Table III-5. Each of . 
the five structural alloys listed are considered as representative of a class 
of alloys and are not necessarily assumed to be optimum. Results from the 
complete blanket analysis will indicate which properties of each alloy class 
are limiting the operating conditions and blanket lifetime. 

A nuclear analysis of the tritium-breeding performance has been made for 
the three breeding systems, viz., liquid lithium, Li O, and Li7Pb • The anal­
ysis focused on three major categories: (1) trend of variation of breeding 
ratio w::!.th breP.rling 7.0ne thioltnC03t (2) ef:Cel!ts u£ a graphite reflector and 
beryllium neutron multiplier on the breeding ratio, and (3) impact of tritium 
breeding on the minimum blanket/shield thickness requirements for protection 
of the toroidal-field coils. Preliminary results for a reference blanket with 
no reflector or neutron multiplier indic~te that the minimum blanket thick­
nesses required to attain a breeding ratio of unity are 0.33, 0.22, and 0.10 m 
for Li~ Li20, and Li7Ph2, respectively. Figure III-0 shuws the breeding ratios 
attainable as a function of blanket thickness for the three breeding materials. 
Results are shown for three cases, viz., the reference blanket, an 0.20-m thick 
graphite reflector (outside the blanket) and an 0.05-m thick beryllium neutron 
multiplier behind the first wall. Breeding ratios in excess of 1.4 are attain­
able with all three breeding materials. These relatively high breed:l.ng ratios 
will be necessary for blanket designs that incorporate a divertor and do not 
breed in the inner bl~nkP.t. 

The effects of fractional fuel burnup and doubling time on the required 
breeding ratio have been analyzed. Figure III-9 is a plot nf the required 
breeding ratio as a function of fractional burn1,1p for selected doubling times. 
For a low fractional burnup of 1%, which is typical of a reactor with a divertor, 

Table III-5. Reference Materials Considered in Blanket Design Study 

Structural Materials Breeding Materials Coolants 

Fe-Alloy: 316 ss Liquid Lithium Liquid Lithium 

Ni-Alloy: IN 625 Solid Li20 Helium 

Ti-Alloy: Ti 6242 Solid Lilb
2 

Water (Steam) 

V-Alloy: V-15Cr-5Ti Liquid Sodium 

Nb-Alloy: Fs-85 Molten Salt 

68 



-

2 .o..---.----r-----,-_;__--,----.---~----r------...--

1.8 

0~ Li . 

--Li 
· ----- Li20 I HELIUM ( 15 vto) 

- ·- Li7Pb2 I HELIUM ( 15 v/o) 

• NO GRAPHITE -NO BERYLLIUM 

o VANADIUM WALL(NO C-NO BE) 
+ VANADIUM WALL 

o WITH 0.20 m THICK GRAPHITE 
A WITH. 0.05 m THICK BERYLLIUM 

(WITH 0.05 m BE) 
0.2 '-------'---....I..------'-----1.....----..J.:.._-___..L __ _L_ __ L....J 

0 0.10 . 0.20 0.30 0.40 0.50 0.60 0.70 
BREEDING ZONE THICK NESS , m 

Figure III-8. Plot of breeding rat.io versus breeding zone thickness 
for three breeding materials. 

0.80. 



0 

t-
...t 
0::: 
(!) 

z 
0 
w 
w 
0::: 
&:U 

0 
w 
0::: 

:::::> 
0 w 
0::: 

1.40 
I 

90 
I 
I 
I 

' I 80 

1.30 ' 70 

' ' ' ' \ 60 
\ 

. \ 
\ 
\ 

1.20 \ 50 
\ 
\ 
\ 
\ 

' 40 
\ 

\ 

' ' 1.10 ' "', 30 .... -- ---- . t 0 = 5 YR -----~ ---
20 

1.00 ---... ~----'---.I---L---'---........__L.,.______.__---'----1 I 0 
0 2 4 6 8 10 

FRACTIONAL BURNUP, 0/o 

Figure III-9. Effect of Fractional Burnup and Doubling Time 
Upon Required Breeding Ratio. · 

70 

0 
~-.. 
t-
z 
<{ 
_J 
a.. -.J: --
~ 
~ 

0 
0 
0 
~ 

z 
~ 
0::: 
0 
t-
z 
w 
> z 

::t 
:::::> -
t-
0::: 
t-



an effective breeding ratio of 1.2 is required for a doubling time of 5 y. 
For a higher fractional burnup of 6-8%, which is typical of a reactor without 
a divertor, an effective breeding ratio of only 1.05 is required for a doubling 
time of 5 y. As a consequence, the tritium inventory required for a reactor 
with a divertor is·substantially larger than for a similar reactor without a 
divertor. 

The analyses of critical aspects of mechanical design, thermal-hydraulic 
considerations, and stress considerations in lithium-cooled blanket concepts 
have been initiated. Three types of blanket configurations; viz., complete 
wedges of the torus, large blanket slabs and small blanket modules; are being 
evaluated in the mechanical design. The complete wedge configuration consists 
of twelve blanket segments corresponding to the number of toroidal-field coils. 
The large slab configuration consists of the minimum number of blanket seg­
ments, i.e., 96-144, that can be removed from the reactor without disassembling 
the toroidal-field coils. The small module configuration consists of a rela­
tively large number, possibly· 1800, of blanket segments that can be easily 
handled. The impact of.these three blanket configurations on the mechanical 
design are being evaluated in terms of fabrication, manifolding, maintenance, 
repair, etc. The impact of vacuum wall position on blanket design is also 
being evaluated. The three vacuum wall concepts considered are the first wall, 
the outer edge of the blanket in the high temperature region, and outside the 
blanket in the low temperature region. 

Emphasis ·of the thermal-hydraulic and stress analyses· is being placed on 
the first-wall region of the blanket. This effort includes evaluation of first­
wall design on the thermal response of the structural wall, effects of coolant 
flow pattern on the thermal response of the structural wall, and effects of 
materials variations on the acceptable stress and operating levels. Time­
dependent first-wall surface heat fluxes for designs with radiatively-cooled 
liners and multiple limiters have been compared with those for bare walls. A 
radiatively-cooled liner substantially reduced the thermal cycling and, hence, 
the thermal stresses, induced in the structural wall compared to a bare wall. 
However, the thermal cycling and maximum temperatures of the liner become 
critical. Multiple limiters that cover a fraction, e.g., 5-20%, of the first 
wall possess some advantages. The limiters can withstand higher surface heat 
fluxes than a full liner, since the limiters can thermally radiate heat from 
their front surface to exposed bare first walls. Also, thermal inertia pro­
vided by the limiters tends to reduce the magnitude of thermal cycling of the 
bare structural wall. The present calculations are devoted to.optimization 
of the number and size of limiters. A second major advantage of the multiple 
limiter concept is the smaller size or number compared to that of a full liner. 

2. An Analysis of the Relationship Between Availabl'e Materials Properties 
and Allowable·Fusion Reactor Design Conditions 

s. D. Harkness, B. Cramer*, J. Davis*, D. Kummer*, S. Majumdar and 
B. Misra, Fusion Power Program 

A study was conducted to define the limitations in system performance that· 
·resulted from the selection of either type 316 stainless steel or an idealized. 

* McDonnell Douglas Astronautics Company, St. Louis, Missouri. 
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vanadium alloy for a lithium-cooled tokamak fusion reactor system. These 
studies resulted in a definition of the physical properties for fatigue, 
creep-fatigue, crack growth and creep rupture that were required to achieve 
a goal life of.lO MW-yr/m2. The fatigue and creep-fatigue properties of 
annealed stainless steel appear marginal while the expected vanadium prop­
erties appear quite adequate. The potential benefits of both cold work ahd 
irradiation on the fatigue properties of type 316 stainless steel were 
identified. The crack growth analysis again showed that the type 316 stain­
less steel properties may be in need of improvement. The creep rupture re­
quirements were found to be in line with the limited available data on 
irradiated stainless steel. 

a. Introduction 

Available material properties often limit the designers ability to con­
otruct an ec.onuml~.;al, l;!f~ic1ent R}TRf:Pm. 'rhe currQnt ~.;rorlt io an attempt to 
begin to quantify the limits imposed on a tokamak fusion reactor design by 
the selection of type 316 stainless steel as the structural material. Specif­
ically the cyclic loadine tnherlint to tokamak operation was analyz~d for its 
effect on the lifetime of the first wall structure. System studyl, 2 analysis 
has shown that there is strong economic incentive to achieye a minimum of a 
rv 10 MW-yr/m2 lifetime at a wall lo~ding of at least 2. MW/m2• Tha reoulto of 
the present assessment of creep-fatigue and crack growth properties indicate 
that as presently understood, the use of annealed type 316 stainless steel 
may limit the development of an economic commercial tokamak reactor design. 

The conclusions reached by this study were based on .a thermal-hydraulic 
analysis of both cylindrical and U-bend, lithium-cooled first wall modules. 
The stress analysis based on the thermal h:f.stories calculated for different 
burn cycles was then used as input to the estimates of the creep-fatigue and 
crack propagation behavior. 

The following hlghlights emerged from the creep-fatigue analysis: 

1. Based on the use of unirradiated properties, annealed type 316 stain­
less steel must be limited to wall loadings of less than 2.5 MW/m2 for 
a 1-minute burn cycle if a 10 MW-yr/m2 lifa io to be achieved. The 
availability of a 6-minute burn cycle would allow wall loadings of 
3.6 ~M/m2 while a bU-minute burn cycle would enable 7 MW/m2 wall 
loadings, based on a f~tigue Griteria. 

2. Coldworking type. 316 stainless steel is expected to allow hi.gher wall 
loadings (up to rv 4 MW/m2 for the 1-minute burn cycle case). 

3. The irradiation strengthening of annealed type 316 stainless steel may 
result in higher allowable wall loadings (up to rv 4.6 MW/m2 for the 
1-minute burn cycle case). 

1 M. Abdou, "Parametric Systems Analyses for Tokamak Power Plants," Argonne 
National Laboratory, ANL/FPP/TM-97 (1977). 

2 G. M. Fuller, "Fusion Reactor First Wall Systems Analysis," ER-582 (November, 
1977). 
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4. Vanadium alloys are not expected to be limited by their fatigue proper­
ties due to the relatively low thermal stresses that are generated. 

5. Radiation enhanced stress relaxation is expected to cause the first wall 
to be only stressed by the primary coolant pressure during the burn. The 
large stresses resulting from the radial temperature gradient are only 
present during the down time. This phenomenon serves to minimize the 
amount of expected creep damage. 

The Universal Slopes equation approach was taken as a means of assessing 
the relative effects of irradiation hardening and metallurgical state on the 
fatigue properties of type 316 stainless steel, as recently outlined by 
Michel and Korth. 3 The equation developed for estimating both the effects 
of initial coldwork and irradiation hardening is as follows: 

a 
6 = 3 5 ~N -0.12 + ~ D0.6 N -0.6 

Et • E f 2 f (1) 

where 

au = ultimate tensile strength, MPa 

E = Young's Modulus, MPa 

Nf = cycles to failure 

D = ductility parameter, ln E u 
E = uniform strain (%) u 

The ductility -parameter was chosen as the uniform elongation to reflect 
the possible importance of dislocation channeling processes to both fatigue 
crack initiation and propagation. 

Both coldworking and irradiation have the effect of increasing the ultimate 
tensile strength while reducing the ductility (uniform elongation) compared to 
the unirradiated properties of annealed type 316 stainless steel. In order to 
study these effects on the fatigue life of stainless steel, Eq. 1 was used to 
generate the curves preRented in Figure III-10. The source of tensile data 
was the Nuclear Systems Materials Handbook.4 The predicted effect, in both 
cases, is a reduction in low cycle performance and an enhancement in the high 
cycle regime. This enhancement could have a beneficial effect on the expected 
fatigue life of the material. As shown in Figure III-10, wall loadings below 
the level at which the 10 MW-yr/m2 curves intersect the fatigue curve appro­
pr:l.ate for the material condition will allow a 10 MW-yr/m2 or greater lifetime. 
Thus, fur a one-minute burn cycle, wAll loadings up to "' 4·.6 MW/m2 would be 

3 
D~ J. Michel and G. E. Korth, "Effects of Irradiation on Fatigue and Crack 
Propagation in Austenitic Stainless Steels," in Radiation Effects in Breeder 
Reactor Structural Materials, p. 129 (1976). 

4" ... 
Nuclear Systems Materials Handbook, Vol. I, Design Data (October, 1975). 
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allowable based_on the irradiated tensile properties of anneaied 316 stain­
less steel and ~ 4 MW/m2 based on the_unirradiated properties of 20% cold­
worked 316 as compared to a limit of ~ 2.5 MW/m2 for unirradiated annealed 
type 316. Similarly for the 6-minute burn cycle allowable wall loadings, 
based on the fatigue criterion are 5.7, 5.5 and 3.6 MW/m2 for the three 
cases, respectively. 

Major points emerging from the crack propagation analysis included: 

1. For a wall loading of 2 MW/m2 a reduction in expected crack propagation 
rates of a factor of 40 may be necessary if a 10 MW-yr/m2 lifetime is 
to be achieved for a system with a 6-minute burn cycle. Crack propagation 
therefore appears to be the life-limiting property for a stainless steel 
first wall structure. 

2. Crack propagation is not expected to be governed by fracture toughness 
considerations. 

3. Crack growth rates in lithium may be significantly slower than the avail­
able data that were obtained in air. Experimental data on irradiated 
material taken in the expected reactor chemical environment are badly 
needed. 

Fracture mechanics analyses were used to determine first wall life as a 
function of the crack growth variables. In this analysis the growth of initial 
flaws is calculated in a stepwise manner until either (1) the crack size ex­
ceeds the structural thickness, at which time a coolant leak is assumed to 
occur or (2) the calculated stress intensity exceeds the material fracture 
toughness at which time fracture occurs. Fracture toughnesses will probably 
be high relative to required values. This property should, however, receive 
attention in material testing programs due to possible effects of irradiation 
embrittlement. 

The required crack growth properties are compared with properties fo_r 
irradiated 304 stainless steel provided in the Nuclear Systems Materials Hand­
Book4 and adjusted for cyclic frequency effects. The approach was to calculate 
time to coolant leakage based on each of several crack growth rate versus 
stress intensity range c~~~es and then select the curve, through interpolation, 
which yielded the desired life. A ratio of minimum to maximum stress in the 
cycle (R ratio) of 0 was used in the calculations. 

The resulting effect of stress level.on required crack growth properties 
is shown in Figure III-ll(a). The three crack growth lines shown are those 
required at operating stresses of 70, 210 and 350 MPa using a scatter factor 
of 4.0 on life. Variables assumed in establishing these curves are a wall 
life of 5 years or 10 MW-yr/m2 (20 years for a scatter factor of 4),· a struc­
tural thickness of U.25 em, an lnitial flaw depth (1=1

0
) of 0.125 em, and a 

flaw aspect ratio of 0.5. Also shown in the figure is a shaded area corres­
ponding to the available crack growth properties for steel tested in air. 
Shown in Figure III-ll(b) is a cross-plot of the crack growth rates taken at 
a stress intensity range of 11 MN/(m)3/2 ·(lO~Psr/i:n). Horizontal lines cor­
responding approximately to temperatures for the steel data are also shown. 
These results show combinations of stress and temperature at which the presently 
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available properties would meet the li.fe _goal. One comblnatiott, for example, 
would be 70 MPa at a temperature of approximately 350°C (Figure III-ll(b)). 
Acceptable stress levels range from about 40 to 100 MPa, however, these 
stresses are below those which will exist in first wall components. At a 
stress level of 210 MPa, which might be typical at wall loadings of 2 MW/m2 

and wall thickness of 0.25 em, a proper.t.y improvement o~ approximately a 
faclur of 40 is required. The results shown in Figure III-11 are based on 
constant elastic stresses in the first w~ll during the plasma burn. 

b. Creep-Fatigue Property Requirements 

The cyclic stresses imposed by representative tokamak burn cycles were 
analyzed in terms of both known and estimated creep-fatigue properties for 
type 316 stainless steel as well as for a generic vanadium alloy. The initial 
thermal stress imposed on a clamped hemispherical module as a function of wall 
loading is preRented in Figure III~l2. These stresses will be rapidly reduced

5 by radiation enhanced creep processes such that after only a few hun~red hours 

5 S. Majumdar, B. Misra and s. D •. Harkness, "Thermal Stress and Creep Fatigue 
Limitations in First Wall Design," IAEA Conference on Fusion Reactor Design 
(1977). 
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(a) Ultimate strength, annealed type 316 stainless 
steel at fluences ?. 30 dpa at 500°C. 

(b) Ultimate strength, annealed type 316 stainless 
steel at fluences ~ 30 dpa at 600°C •. 

(c) Minimum yield strength at 500°C, 20% coldworked 
type 316 stainless steel. 

(d) Ultimate strength, annealed type 316 stainless 
steel at 500°C. 

(e) Minimum yield strength, 20% coldwork type 316 
stainless steel at 600°C. 

(f) Ultimate strength, annealed type 316 stainless 
steel at 600°C. · 

(g) Yield strength, annealed ·type 316 stainless steel 
at 500-600°C. 
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the stresses imposed during the burn are reduced to near zero. This results, 
however, in the module being under stress during the down part of each cycle. 
The stresses are equal in magnitude but of opposite sign to the original 
thermal stresses so that the plasma side of the first wall is in tension and 
the lithium side in compression at the stress levels shown in Figure III-12. 
Though this situation may change after the on-set of swelling6 depending on 
the detailed interaction of swelling and creep processes, it was assumed for 
the purposes of the present study that the module is unstressed (except for 
the relatively low primary coolant pressure stresses) throughout its life 
during the burn pulse. The restriction of loading to the off-burn period of 
the cycle reduces the amount of projected creep damage because only thermal 
creep will occur, that the wall will be at lower temperatures than are· present 
during the burn and the off-burn times are relatively short. Thus, the ex­
pected effect of the cyclic thermal stresses on a tokamak first wall becomes 
a fatigue rather.than a ~r.P.ep-fatigue problem. 

It should be noted that significant strengtluming of annealed type 316 
stainless steel by irradiation does not occur in the 400-600°C temperature 
range until an exposure of ~ 6 dpa or a half of MW/m2 has been achieved. Thus, 
it may be that during the initial stages of operation a tokamak might be 
limited to wall loadings of~ 2 MW/m2 followed-by the higher limits dictated 
by the irradiated properties. This point must await experimental·fatigue 
property determination as well As morli information Oil. other potentially life 
limiting properties. 

A similar creep-fatigue analysis has been conducted for a generic vanadium 
alloy5,6 using a compilation of available. fatigue and creep-rupture properties. 
It was found that very long fatigue life is expected for vanadium alloys, due 
principally to the fact that' the thermal stresses are ~ 50% lower than those 
found in austenitic stainless steels at the same wall loading. 

c. Crack Growth Property Requirements 

Surface flaws tnust be expected in any engineering Atr.ucture. Therefore, 
it is important that crack growth properties of the first wall are adequate so 
that coolant leakage into the plasma chamber will not occur during the life of 
the structure. Effort was directed at identifying the crack growth properties 
required to attain a lO w.N .... yr/m2 first wall life. Emphasis was placed on 
addressing-the impact of stress, structural thicknP-ss. initial flaw size and 
flaw aspect ratio on crack growth property requirements. .. ' 

Required crack growth properties were generally treated as design inde­
pendent although the range of valuP.8 assigned to the variables were those 
typical· of first wall components. Burn and nnnb1Jrn timee of 90 mi.nutlil_. and 
6 minU1:es, respectively, were used for the purposes of calculating cyclic 
frequencies in comparing present 316 stainless steel crack growth data with 
the required properties. Actual stresses and operating parameters will have 

6 s. D. Harkness, D. Kummer, et al., "The Establishment of Alloy Development 
Goals Important to the Commercialization of Tokamak-based Fusion Reactors," 
Argonne National Laboratory, ANL/FPP/TM-99 (1977). 
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to be determined for each candidate first wall design for purposes ·of com­
paring with required crack growth rates. 

Due to the combined effects of thermal creep, irradiation creep, and 
swelling which occur in the first wall structure during the plasma burn, ten­
sile stresses will exist in the first wall during the nonburn part of the 
cycle. The required crack growth rate was determined as a function of stress 
intensity range for a tensile stress history in a U-bend cell at a neutron 
wall loading of 2.5 MW/m2 • The time dependent stress history upon which 
these required properties are based was determined using inelastic analysis. 
This curve is compared with the stainless steel data in Figure III-13. The 
data range for steel shown in the figure is based on a lower hold time cor­
responding to the nonburn period. In this case the cyclic frequency used was 
0.083 cpm based on a 6-minute hold time and assumed equal time unloaded 
(1/12 = 0.083 cpm). The resulting comparison in Figure III-13 indicates 
that considerable improvement in properties is also required even when creep 
is considered. With respect to this failure mode, however, irradiation and/ 
or thermal creep increase wall life. 

Better properties (lower crack growth rates) will be required at higher 
wall loadings. As wall loading is increased the allowable stress at a given 
temperature, is also increased. The reason for this is that shorter lives 
(in years) are required at the higher neutron wall loadings (e.g., 2.5 years 
at Pn = 4 versus 5 years at P = 2) to meet the 19 MW-yr/m2 life requirement. 

n . However, relations between the wall loading and first wall conditions must 
also be considered. That is, higher thermal stresses will be associated with 
higher wall loadings. 

10-3 ---------"""T-------~-""1 
e PN ., 2.50 MW/m2 
e FREQUENCY _, 0.083 CPM 
• a0 •0.125cm 
• a/2C • 0.5 
• t • 0.25cm 
e STHESS RATIO IRI . 0 

10·~--~-------------+-----

1o· 4 

10 5 

10 '6 t--------;;:SCc;";AT;;;TE:;:;-R----+-t-r---.:..::..::::.:.......c=---------t 
FACTOR • 

10 6 

1o··7,":'o3---------1.L:o.---------.1_ 

.il.l' .. QVI.,/iN 

10 100 

~K - MN/Iml 312 

Figure III-13. Evaluation of Expected Crack Growth Properties 
in Terms of a Time Dependent First Wall Stress 
History. 
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The effect of structural thickness on required crack growth properties 
at a stress of 210 MPa is shown in Figure III-14. Required properties for 
three thicknesses, are compared with the data for stainless steel. The cross­
plot of thickness versus required crack growth rates at ~K = 11 MN(m)3/2 (104 

PSI~) in Figure III-14b shows that even at greater thicknesses the available 
crack growth properties do not approach those required. 

Similar effects were also noted for the variables a0 (initial flaw depth) 
and a/2c (flaw aspect ratio). That is, even for relatively small initial 
flaws, a considerable improvement in crack growth properties is required. As 
initial flaws approach zero the improvement required is reduced and generally 
tends to agree with findings discussed with respect to fatigue property 
requirements. 

Data applied in the comparisons are based on tests in air. Effects of 
environment, therefore, need to be considered since the first wall tn a fusi.c:m 
reactor r.rill contact a low partial pressure of energetic hydrogen on one side 
of 'the wall and coolant such as liquid lithium on the other side. The degree 
to which environment can affect crack growth rates is shown in Figure III-15.7 
Contact with sodium improves resistance to crack growth by about a factor of 

7 D. s. Friddle and M. v. Wiltshire, International JournaZ of Fracture (697) 
(1975). 
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Figure III-14. The Effect of Wall Thickness on the Crack Growth Rates Required 
to Achieve a 10 MW-yr/m2 Life. 
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Figure III-15. A Comparison of Crack Growth Rates in Air 
and in Sodium. 

7 at the stress intensity range of 11 MN/(m)3/2 (104PSI~). This improve­
ment, if is applies to the actual reactor environment, would reduce the gap 
between existing and required properties as discussed in this section. How­
ever,, much more needs to be known about environmental effects, including the 
effects of energetic hydrogen isotopes. 

3. Fusion Reactor Blanket Design Study. 

R. G. Clemmer, Chemical Engineering Division 

This part of the ANL/MDAC blanket studies program h?s involved analyses of :. 
commercial reactor tritium inventories and development of guidelines for required 
tritium breeding ratios. Also, a "fuel-pin" type of breeding blanket was 
analyzed with respect to tritium inventories and tritium production require­
ments. Currently the suitability of Li-Pb alloys as breeding materials is 
being assessed. . 

Tritium Breeding Requirements: TCODE was used to calculate tritium in­
ventories as a function of fractional burnup for a hypothetical commercial 
reactor. The blanket inventory was assumed to be 10 kg. The required ratio 
was then calculated (including decay losses) for various tritium inventory 
doubling times. As is shown in Figure III-16, at very low fractional burnup, 
the inventory becomes quite large and, as a result, relatively high breeding 
ratios appear to be necessary. In reactors having no active impurity control, 
the fractional burnup (FB) could be as high as 10%, and a breeding ratio (BR) 
of 1.05 would be sufficient to provide inventory doubling in five years. 
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However, with a divertor or gas blanket impurity removal scheme, FB could con­
ceivably be less than 1.0%. If FB = 1.0%, a BR of 1.20 is required to double 
the tritium inventory in five years. If we assume FB ~ 2%, then a breeding 
ratio of 1.10 will double the tritium in five years or less. 

1 Fuel Pin Breeding Scenarios: It has been suggested that the breeding 
material in a fusion reactor could be encased in a "fuel-pin" type assembiy 
that would be removed from the blanket periodically to recover the bred tritium. 
This approach might be useful in easing some of the difficulties associated 
with in-situ recovery of tritium from solid breeder materials. A computer 
program, TPIN, has been written for the purpose of analyzing the implications 
of this concept. The time between pin processing operations, the months of 
fuel reserve on hand, the number of identical reactors operating together, 
the breeding ratio, and the fuel cycle tritium inventories were all used as 
input variables. The only tritium depletion mechanism built into TPIN was 
the tritium S-decay loss (processing losses were assumed to be zero). Selected 
results are shown in Table III-6. It is clear that the inventories are a 
strong function of the time that the pins remain in the blanket. In order to 
take advantage of the fuel pin approach, it would be desirable to leave the 
pins in the blanket at least six months. This implies a total tritium inven~ 
tory of about 90 kg for the base case plant in Table III-6. Under these con­
ditions, one reactor will require a breeding ratio (BR) of 1.20 to double its 
tritium inventory in 5 years, and BR ~ 1.10 to double at all. Further, the 
figures at the bottom of Table III-6 show that a breeding ratio of 1.10 will 
not be sufficient if the fuel cycle inventory is allowed to rise as high as 
50 kg. 

The results in Table III-6 can be combined to calculate the annual growth 
rate in the number of new reactors that can be brought on-line with the bred 
tritium. If a growth rate of 10% is required, then the breeding ratio must 
be ~ 1.20 for semiannual pin replacement. It appears that the "fuel-pin" con.:.. 
cept requires increased tritium inventories, makes tritium production difficult, 
and uses tritium less efficiently than continuously processed blanket concepts. 
For these reasons, the concept may only be applicable to Li-Pb or Li20 blan­
keted reactors where breeding ratios in excess of 1.2 appear to be readily 
achievable.l,2 

1 

2 

S. D. Harkness, Argonne National Laboratory, personal communication. 

J. c. Jung, Argonne National Laboratory, personal communication. 

4. Evaluation of Steam as a Potential Coolant for Non-breeding Blanket · 
Designs 

H. C. Stevens, B. Misra and c. K. Youngdahl, Fusion Power Program 

A number of alternate blanket designs and cooling concepts are under inves­
tigation at the Argonne National Laboratory for the tokamak-type fusion power 
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Tab!.:: III-6. "Fuel Pin" Fusion Reactor Breeding Scenarios f:Jr 3000 M\V(th) Plant 

Tr:itium needed! Tritium in Time to add a ?lant, yr. Maximum Tritium Inventories, kg 
Months of Pin Months ·:-uel No. of t::> start plant., Fuel Cycle, Breeaing Rlt1o Breeding Ratio 

DJ2eration Reser~e Rea:tors kg kg 1.05 1.10 1. 20 1.05 1.10 1. 20-

1 1 1 28.5 17.5 7.0 2.75 1. 25 28.9 29~4 30.5 

3 3 1 50.7 ~7.5 27.0 6.0 2.5 51.6 53.2 56.4 

6 1 6 28.5 17.5 11.5 3.5 1..5 84.7 87.9 94.2 

6 3 2 50.7 17.5 ?.0 2.5 84.~ 88.1 94.5 

6 6 11. 34.3 17.5 15.5 5.0 85.7 88.8 95.2 

12 1 12 28.5 17.5 6,0 2.0 150.0 151).2 168.9 

12 3 " .iO.' 17.5 9.0 3.0 150.2 156.5 169.1 

CXl 
12 6 : 54.8 17.5 * 25.5 s.o 150.9 lSJ.. 2 169.8 

~- 12 12 1.:S.S i..7.5 * 13.0 153.7 160.0 172.6 

6 6 1 E-9. ~ :.0 10.0 72.8 

6 6 l n.J lO.O 12.5 81.6 

6 6 1. 8:1.): zo.o 16.5 91.3 

6 6 1 1ll.3 50.0 120.5 

*Negative tritium producticm (i.e., c<>nsumes more trititlll than is brec). 



reactors. 1 ' 2 Most of these studies addressed the relative merits of a wide 
range of coolants (e.g., liquid lithium, helium and pressurized water) and 
structural materials (e.g., austenitic stainless steel and vanadium-based 
alloys). As the first generation of fusion power plants are likely to be 
non-breeding types, we have extended our studies to evaluation of steam3 as 
a potential coolant with stainless steel and more recently with nickel-based 
alloys such as Inconel 625 as the blanket material. 

The principal functions of the proposed blanket systems for these reactors 
are to provide a relatively thin zone (30 to 50 em) of high density shielding 
material that can function at elevated temperatures (up to 650°C) in a wav that 
permits the retrieval of most of the thermalized neutron and gamma energy as 
sensible heat. Conceptual design and analysis of potentially useful blanket 
configurations complete with appropriate maintenance scenario that could per­
form these functions has been a major undertaking within the EPR studies con­
ducted to date. The blanket design considered (see Figure III-17) in the 
analysis is composed of monolithic Inconel 625 blocks, 0.25-m in the radial 
direction, 1-m in the toroidal direction and 1.2-m in the poloidal direction. 
Coolant flows in the poloidal direction through an array of bored channels. 
Since the heat generation rate decreases exponentially with radial location, 
the flow area of the coolant channels and their spacing are varied radially to 
make the temperature distribution in the blanket block as uniform as possible. 

A set of six coolant channels with iteratively adjusted cross-sectional 
areas and interchannel distances was evaluated during the first round of 
analyses. 

A computer code capable of solving a set of three-dimensional thermal 
hydraulic equations was used to establish the transient and quasi-steady state 
temperature distribution within the blanket block. Because of the large ther­
mal inertia of the blanket blocks, the overall thermodynamic efficiency of the 
power conversion system and the size of the thermal storage system depends 
significantly on the D-T burn cycle. Hence, to investigate the effort of the 
burn cycle on the performance of ANL/EPR, the following three burn cycles, 
each with 15-s dwell time, were considered: (1) 65 s, (2) 120 s, and (3) 
600 s. The neutron power profile was provided by neutronic calculations for 
the ANL/EPR. 2 The thermal hydraulic and power cycle analyses are based on 
the assumption that the vacuum wall, and the vertical inner and outer blanket 
is cooled by pressurized water while the horizontal upper and lower blanket 

1 

2 

3 

W. M. Stacey, Jr., et al., "Tokamak Experimental Power Reactor Conceptual 
Design," Argonne National Laboratory, ANL/CTR-76-3 (August, 1976). 

W. M. Stacey, Jr., et al., "EPR-77, A Revised Design for the Tokamak 
Experimental Power Reactor," Argonne National Laboratory, ANL/FPP/TM-77 
(March, 1977). 

B. Misra, c. K. Youngdahl, H. c. Stevens and V. A. Maroni, "Thermal Hydraulic 
and Mechanical Analysis for Near-Term Fusion Reactor Blanket Designs," 
Trans. Am. Nuc. Soc., 12, p. 72 (1977). 
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Figure III-17. Schematic of EPR Blanket/Superheater. 

serves as the energy source to superheat steam from 300°C to approximately 
500°C without exceeding the maximum allowable temperature of 650°C for Inconel 
625.4 

A significant drawback of many of the previous concept~al design and 
scoping studies of tokamak-type fusion power reactors1,2,5,o is that they 
have not taken into consideration the effect of thermal-hydraulic design on 
the thermal stress distribution within the blanket block. It is known from 
mechanical response analysis that severe thermal st:resses can be vr·eseuL 
within the blanket blocks when the coolant channel distribution is selected 
to meet only the thermal hydraulic criteria and stress concentrations are 
highly sensitive to coolant channel arrangement. Hence, thermo-mechanical 
analyses were carried out in conjunction with thermal hydraulic analyses in 
selecting the coolant channel arrangements. 

4 R. F. Mattas, Personal Communication, Argonne National Laboratory (1977). 

5 c. A. Flanagan, et al., "Oak Ridge Tokamak Experimental Power Reactor 
Study- 1976," Oak Ridge National Laboratory, ORNL/TM-5575 (December, 1976). 

6 c. c. Baker, et al., "Experimental Power Reactor Conceptual Design Study," 
General Atomic Company, GA-Al3534 (July, 1975). 

86 



The results of the thermal hydraulic and power cycle analyses show that 
the thermodynamic efficiency approaching 41.5% can be achieved based on steam 
as the coolant. The results of mechanical analysis show that preliminary 
thermal mechanical optimization of blanket block design can be accomplished 
at the conceptual design level using relatively simple computational methods 
and improvements in strain levels can be accomplished without any signif i cant 
change in thermal hydraulic performance. Of course, numerous questions per­
taining to tritium containment must be fully addressed before thi s approach 
to power cycle operation could truly be considered acceptable. It appears 
from a cursory analysis that a Rankine cycle using steam directly from the 
blanket system presents no more serious tritium containment problems than a 
closed loop helium driven Brayton cycle, which has, in the past, been employed 
in numerous designs of advanced power conversion systems for commercial fusion 
power reactors. 

G. Cross Section Measurements, Evaluations and Techniques 

1. Fast-Neutron Total and Scattering Cross Sections of Elemental 
Titanium 

P. Guenther, P. Moldauer, A. B. Smith and J. Whalen, Applied Physics 
Division 

Energy-averaged total-neutron cross sections of elemental titanium are 
measured from ~ 1.0 to 4.5 MeV with statistical accuracies of ~ 1 percent. 
Differential-elastic-neutron-scattering angular distributions are measured 
from 1.5 to 4.0 MeV at incident energy intervals of ~ 0.2 MeV. Differential 
cross sections for the inelastic-neutron excitation of "states" in titanium 
at: 158 ± 26, 891 ± 8, 984 ± 15, 1428 ± 3Y, 1541 ± 30, 1670 ± 80, 2007 ± 8, 
2304 ± 22, 2424 ± 16 and 2615 ± 10 keV are measured in the incident-neutron 
energy range 1.5 to 4.0 MeV. Neutrons corresponding to additional states at 
approximately 2845 and 3010 keV were qualitatively observed. The experimental 
results are interpreted in terms of an energy-averaged optical-statistical and 
coupled-channels models including consideration of collective vibrations. The 
implications of these models and their use in the context of strong fluctuating 
structure are discussed. 

2. Nuclear Data for High-Energy Neutron-Damage Sources* . 

A. B. Smith and D. L. Smith, Applied Physics Division, and 
L. R. Greenwood and R. R. Heinrich, Chemical Engineering Division 

The conceptual design of a proposed u.s. facility for high-P.nPrgy neutron 
damage studies 1~ described briefly. This facility would utilize the (d + Li) 
process as the neutron source and thereby provide a continuous output nf "' 2 x 
1016 high-energy neulruns per second. Nuclear data needs in the areas of neutron 
production, shielding and dosimetry for high-energy neutron damage sources such 
as the proposed u.s. facility are considered. The existing differential data 
base for several fast-neutron dosimeter reactions is reviewed briefly. Guide­
lines for future accuracy requirements in this area are also provided. 

* This is the abstract from an invited paper presented at the NEANDC Meeting, 
Oak Ridge National Laboratory, April 3-7, 1978. 
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IV. MAGNETIC SYSTEMS 

A. Energy Storage and Transfer Program 

R. E. Fuja, R. Wehrle, R. P. Smith and R. L. Kustom, Accelerator Research 
Facilities Division 

1. Homopolar Generator 

Modifications to the Homopolar generator (HOPE 1) reported in the last 
quarterly report have been completed and testing of the generator system is 
underway. Energies ranging from 600 Joules to 6800 Joules have been switched 
from the storage coil to the Hope 1 system with no adverse effects on the 
generator. Data are being collected on the drum, voltage, current, maximum 
speed and coasting time, as well as the effects on the radial magnetic field 
due to acceleration and deacceleration of the drum are being monitored. These 
tests are being performed at various brush and air bearing pressures. 

The data have yet to be completely analyzed, however, initial analysis 
~eveals some interesting trends. A maximum voltage appears across the 
rotating drum and the brushes at a point in time when the current through 
the drum is not zero (see Figure IV-1). The maximum speed of the drum occurs 
when the voltage across the drum is at a maximum and, as the voltage decreases, 
the speed remains constant until the current goes to zero, at which time the 
speed begins to decrease. The amount of energy being transferred from the 
storage coil to the generator is reduced by about a factor of two. Figure IV-1 
shows the voltage across the drum, the current through the drum and the speed 
of the drum as a function of time. The questions to be resolved are, where 
does the energy go, what is the reason for our low transfer efficiency, and 
why does a voltage maximum and a current minimum appear at different points 
in time? Since t:he speed o[ Lltl:! tulallng drum does not dccrcace unti1 the 
current goes to zero, it: may be pusslLli:! tl1at the radial magnetic field is 
changing or that the brush contact pressure is varying. 

2. Inductor-Con~erter Bridge 

The computer programs required for the dynamic control of the Inductor 
Converter (IC) bridge with an Intel System 80/20 microcomputer have been 
completed and debugged and the output interface circuits from the micro­
computer to the IC bridge driver are assembled and working. All that remains 
to be done is the assembly of the three input interface circuits; work has 
started on their construction and testing of the circuits wlll Li:!gln as soon 
as they are finished. The Inductor-Converter bridge switching SCR's, along 
with their driver circuits, are being checked out. As soon as the assembly 
of circuits is complete, testing of the system will resume. 
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B. Negative Ion Source Development 

J. A. Fasolo, Accelerator Research Facilities Division 

1. Direct Extraction H- Source 

The initial modifications of the Penning-type cesium-activated surface 
plasma source have been completed. The source housing and the n = 1 bending 
magnet have been built. Vacuum system and beam line modifications have been 
completed. The source has been mounted, pumped down and connected to the 
power supplies and monitoring devices; it is ready to produce a beam. 

Cesium has been admitted into the source from the external boiler and 
hydrogen has been admitted through the pulsed gas valve to check the operation 
of the valve and the vacuum system. 

Power supplies, controls, interlocks and monitorine and diagnostic equip­
ment have been installed and are ready for use after testing and debugging. 
Testing and debugging of the SCR- switched arc modulator and its control logic 
has begun, with the modulator working into a 1-ohm dummy load. 
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V. APPLIED PLASMA PHYSICS 

A. Disparate Clump Approximation in Neoclassical Transport Theory 

C. D. Boley and E. M. Gelbard, Applied Physics Division 

In tokamak plasma transport calculations, it is sometimes necessary to 
treat the different charge states of impurity atoms separately, without in­
voking the coronal approximation. General expressions for the neoclassical 
transport coefficients are now available for multispecies plasmas in a variety 
of collisionality regimes, but the computation of these coefficients often 
involves the inversion of large matrices. Since, in addition, the temperatures 
and densities of all species are coupled, the running time for one-dimensional 
diffusion calculations increases rapidlr with the total number of species and 
charge states. In the previous report, we des.cribed a "disparate clump" 
approximation in which neoclassical transport coefficients simplify sub­
stantially. Within this approximation the plasma may contain many charge 
states of each atomic species, so long as the different atomic species are 
disparate in mass. The calculations hav~ now been extended in two respects: 

1. 

2. 

1 

2 

We have compared our disparate-clump expression for the Spitzer fu~ction 
with the work of Moore,2 in which the Spitzer function is calculated, via 
a variational principle, for a plasma consisting of electrons and two 
simple ion species of masses m

1 
and m

2
• For purposes of comparison, two 

cases are relevant: (a) m = m2 , in which the two ions form a clump, 
(b) m

1 
<< m

2
, in which each ion defines a clump. Very good agreement 

is obtained in each case. 

3 
With the aid of general neoclassical relations, we have evaluated the 
Ware pinch and bootstrap current transport coefficients in the disparate 
clump approximation. The results are given by one-dimensional integrals 
that, though complicated, are completely explicit and amenable to 
numerical computation. They are functions of the collisionality index 
of the particular charge state and the effective charge of the clump. 

c. D. Boley and E. M. Gelbard, "Fusion Power Program Q\lat'terly Progress . 
Report, October-December, 1977," Argonne National Laboratory, ANL/FPP-77-7, 
p. 49. 

T. B. Moore, "Transport Properties of a Tokamak Plasma with Impurities," 
Fusion Research Center, University of Texas, FRCR /1122 (1976). 

3 S. P. Hirshman and A. H. Boozer, "The Neoclassical Current in a Toroidally­
Confined Multispecies Plasma," Princeton Plasma Physics Laboratory, PPPL-1409 
(1977). 
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B. Theoretical Spectroscopic Data for Silver-Like Ions 

Y.-K. Kim and K. T. Cheng, Radiological and Environmental Research Division 

To provide spectroscopic data for impurity ions relevant to fusion reactor 
studies, we have calculated transition wavelengths and probabilities for selected 
ions in the silver isoelectronic sequence using relativistic Hartree-Fock (RHF) 
wavefunctions. Throughout the sequence, the 4d105s ~ 4d105p transition pro­
vides a strong resonance line so that it can easily be identified in hot plasma. 

For Z > 60, 4f replaces 5s as the ground state,. and we expect that 4dl 04f ~ 
4d 105g should be a. strong resonance line also. In Table V-1, we give wavelengths 
(A) and absorption oscillator strengths (f) for some dipole-allowed transitions 
between 4d10nt (n = 4,5; R. = 0 - 4) states of w27+ and Au3 2+ ions. 

Our experience on Na and Cu sequences1 ' 2 shows that single configuration 
RHF calculations give reliable spectroscopic data for highly stripped alkali­
like ions (i.e., ions with one valence electron). 

In the Rilver sequence we also found good agreements between theory and 
experiment on the Pr1 2+ ion. 3 However, complications arise at high Z when the 
energies of the inner-shell excited states 4d94f2 become comparable to those 
of the 4dlOsR. states. Si.nc.P "d9l4f2 and 4d 1 0s.~. configurations oan miu \"lith each 
other when they have the same parity and total angular momentum, the single 
configuration RHF results may be affected by the configuration mixing. For­
tunately, the mixing between these states arises from inter-shell (n = 4 and 5) 
correlations which are known to be unimportant at high z.4 We have carried 
out exploratory calculations on the configuration mixing between the 4d94f 2 and 
4dlOsR. states, and have found the effects of the mixing to be minor. In view 
of this, we conclude that the single-configuration RHF results in Table V-1 
are reliable; A within 2% and f and A within 20%. 

1 

2 

3 

4 

Y.-K. Kim and K. T. Cheng, J. Opt. Soc. Am., in print. 

K. T. Cheng and Y.-K. Kim, "Spectroscopic Data for Cu-Like Ions," Argonne 
National Laboratory, ANL/FPP/TM-109 (April, 1978). 

K. T. Cheng and Y.-K. Kim, "Fusion Power Program Quarterly Progress Report, 
April-June, 1977," Argonne National Laboratory, ANL/FPP-77-2, p. 85; see 
also J. Sugar, J. Opt. Soc. Am., 22 (1977) p. 1518. 

D. Layzer, Ann. Phys. (N.Y.),~ (1959) p. 271. 
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Table V-1. Theoretical Data on Wavelength A, Absorption Oscillator Strength f, and Transition 
.Rate A for w27+ and Au32+. 

· Transition j - j' 

5s - 5p 1/2 - 1/2 

1/2 - 3/2 

5p - 5d 1/2 - 3/2 

3/2 .:.. 5/2 

4f - 5d 5/2 - 3/2 

7/2 - 5/2 

4f - 5g 5/2 ':" 7/2 

7/2 - 9/2 

0 

A(A) 

280.6 

172.7 

126.3 

162.9 

43.95 

43.64 

28.36 

28.59 

.fl.­

_. -..... 

w27+ 

f 

0.228 

0.754 

1.080 

0.813 

0.062 

0.063 

0.804 

0.792 
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