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6.6 NUCLEAR REACTIONS

6.249

6.250

Initia] momentum of the o particle is V2m T, ¢ (where % is a unit vector in the incident
direction). Final momenta are respectively p., and ﬁf,- . Conservation of momentum reads
e A,
PatPy; = zmTa {
Squaring pﬁ +p,-24- +2p,pPicos© =2mT7T, (1)
where @ is the angle between p., and py; .

Also by energy conservation

(m & M ar¢ respectively the masses of o particle and L .} So

Pat 3Pl = 2mT, 2

Substracting (2) from (1) we see that

m
Pri [ (1 - H)PLE +2 py COS 9] =0
Thlls if Pr: = 0

1 m
P = —Z(I—M)p“scc(-).

Since p,, p;; are both posilive number (being magnitudes of vectors) we must bave

-1 cos®«<0 if me<M.

This being understood, we write
2

2
Pui [1+ M (1--’—"—] sec2®] =T

M 4m M

Hence the recoil energy of the L; nucleus is

.pii _ Tu
2M M-mP
1+ dn M sec” ©

As we pointed out above @ » 60°. If we take @ = 120°, we get
recoil energy of Li = 6 MeV

(a) In a head on collision

V2mT = p,+p,
2 2
P
ZM 2m
Where p; and p, are the momenta of deuteron and neutron after the collision. Squaring

pi+pi+2pp, =2mT

T
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m
P3+EP3 =2mT
or since p;= 0 in a head on collisions
-1 1.1
Pn 2 M Pa-

Going back to energy conscrvation
2

2
Pa M m
2M[“4m(1'M) I =T

:  _4AmM
So -2% = WT
This is the energy lost by neutron. So the fraction of energy lost is
L AmM 8
" memMp 9

(b) In this case neutron is scattered by 90°. Then
we have from the diagram

Pr=paf+V2ZmT i >
Then by energy conservation j.\ A P d
piv2mT p? 7
2M T2m .
2 O ( =
px (1 m) :r[1 m] U—/
or +—| = -—— »
2mi M M vemT Lo
P M-m %J
or = -T
2m Ma+m Y
The energy lost by neutron in then
T- P _.2m
2m M+m
or fraction of encrgy lostis 7 = Zm_ 2
M+m 3

6.251 From conservation of momentum
V2MT i = p;+p,
or pl=2MT+p;-2V2MT p,cos 8

From energy conservation

~<TJ

o Pi P VanT
2M 2m

Fd
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6.252

6.253

(M = mass of denteron, m = mass of proton)

m
So Po=2mT-2p;.
Hence p3(1+;—})—2VZMTpdco39+2(M—m)T=0
For real roots 4(2M1‘)c0529—4x2(M—m)T(l+:l—l)z0
o
coszﬁz(l-—g)
M
2
Hence sinzﬁsm
i.e. 0s sin'l;‘n—l

For deuteron-proton scaltering 0,_,, = 30°.

This problem has a misprint. Actually the radius R of a nucleus is given by
R=13 VA fm

where fm= 165 m.

Then the number of nucleous per unit volume is

A 3 A3 1039 a3 o 1. 38
in -4Rx(13) x 107" cm 1-09 x 10~ percc

3
5 R

The corresponding mass density is

{109 x 10 x mass of a nucleon) per cc = 1-82 x 10M kg/cc

(a) The particle x must carry two nucleons and a unit of positive charge.
The reaction is

BY(d,a)B;

(b) The particle x must contain a proton in addition to the constituents of O". Thus the

reaction is

(c) The particle x must carry nucteon number 4 and two units of +ve charge. Thus the particle
must be x = a and the reaction is

Nd* p,a) Ne®

(d) The particle x must carry mass number 37 and have one unit less of positive charge.

Thus x = C!>7 and the reaction is
1Y (p,n) AP
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6.254 From the basic formula
Ey=Zmy+(A-Z)m,-M
We define Ay = my—-1amu
A, = m,-1amu
A=M-Aamu
Then clearly E, = ZAy+(A-Z)A,-A

6.255 The mass number of the given nucleus must be

27/ (%)3 -8

Thus the nucleus is Be®. Then the binding energy is
E, = 4 x 000867 + 4 + x 0-00783 - 0-00531 amu
= 0-06069 amu = 56-5 MeV
On using 1 amu = 931 MeV.

6.256 (a) Total binding energy of the 0 nucleus is
E, = 8 x 00867 + 8 x 00783 + 0-00509 amu

= 013709 amu = 127-6 MeV
So B.E. per nucleon is 798 Mev/nucleon

(®) B.E. of neutron in B 'nucleus
= BE. of B!-BE. of B

(since on removing a neutron from B we get BY )
= A,-Ap +A4pg = 00867 - -00930 +-01294
= 001231 amu = 11-46 MeV
B.E. of ( an a-particle in B'")

= B.E. of B -B.E. of Li’ - BE. of a

(since on removing an o from B" we get L’ )
=—Ap +A; + 4,
= — 0-00930 + 0-01601 + 0-00260
= 0-00931 amu = 8-67 McV
(c) This energy is

[B.E. of 0" + 4 (B.E. of a particles)]

= - Age+dA,

= 4 x 0-00260 + 0-00509

= 001549 amu = 14-42 MeV
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6.257 B.E. of a neutron in B"' - BE. of a proton in B
= (A, - A5 +A50) —(4A,-Ag"+Ag")

= A, - A, + Ayt — Agle = 0-00867 - 0-00783
+ 001294 - 001354 =« 0-00024 amu = 0-223 MeV
The difference in binding energy is essentially due to the coulomb repulsion between the
proton and the residual nucleus Be™® which together constitute B,
6.258 Required energy is sﬁnply the difference in total binding energies-
= BEE. of Ne”® - 2 (B.E. of He') - BE. of C
= 20ey,-8¢,-12¢,
(e is binding energy per unit nucleon.)
Substitution gives 11-88 MeV .
6.259 (a) We have for L
41-:3MeV = 0-044361 amu = 3A,;+5A, - A

Hence A = 3 x0-00783 + 5 x 0-00867 — 009436 = 0-02248 amu

(b) For C*° 10 x 6-04 = 60-4 MeV
= (-06488 amu

Hence A = 6 x0-00783 + 4 x 0-00867 - 0-06488 = (-01678 amu
Hence the mass of C'° is 10-01678 amu

6.260 Suppose M, , M,, My, M, are the rest masses of the nuclei A, , A,, A3 and A, perticipating
in the reaction
Al +A, A+ A+ Q
Here Q is the energy released. Then by conservation of energy.
Q = ¢’ (My+ My - M; - M,)
Now M c* = ¢ (@Zymy+ (A -Z)m,)-E, etc. and
Z,+Z, = Z3 + Z,(conservation of change)
A;+A,; = Ay +A, (conservation of heavy particles)
Hence Q =(Ey;+E)-(E,+Ep

6.261 (2) the energy liberated in the fission of 1 kg of U is

120350 x 6023 x 10° x 200 MeV = 821 x 10™°KJ

The mass of coal with equivalent calorific value is

821 x 10'°
30000

kg = 274 x 10° kg
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6.265

377
(b) The required mass‘is

30 x 10° x 41 x 10° 235

200 x 1-602 x 10™ x 6023 x 102 ~ 1000

The reaction is (in effect).

kg = 1-49kg

H+H— He' + Q
Then Q=244 - Ayt +Q
= 0-02820 - 0-00260
= (402560 amu = 23-8 MeV
Hence the energy released in 1 gm of He' is

6023 x 107
4

This energy can be derived from

5§75 x 10°
30000

%238 x1602x 10" 2 Joule = 575 x 10° KJ

kg = 1'9 x 10* kg of Coal.

The energy released in the reaction
Li*+H — 2 H
is Arf+Ap-240,1
= 0-01513 + 0-01410 - 2 x 0-00 260 amu
= 0-02403 amu = 2237 MeV

(This result for change in B.E. is correct because the contribution of A, & Ay cancels out by
conservation law for protons & neutrons.)-
Energy per nucleon is then

2237

- 2796 MeV /nucleon .

This should be compared with the value %322 = (-85 MeV/nucleon

The encrgy of reaction
Li'+p—> 2 He'
is, 2xBE. of He*-BE. of Li’
= 8'3“-78“ = 8x706-7x560 = 17-3 MeV

The reaction is N** (o, P oY,
It is given that (in the Lab frame where N'* is at rest) T, = 40 MeV .
The momentum of incident o particle is

V2m T, i =V2ngmeT,
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The momentum of outgoing proton is
m(cosehnsinﬂj')
= W(cosﬁ’}#sinﬂ’}')

N
m m
= 2 = e J T
where m, = O,na— .’

and my, is the mass of ov.

The momentum of OV is

A

(\/ZnamoTa -\/anmoTp cos B) i
-V¥2mym,T,sin0 j
By energy conservation (conservation of energy including rest mass energy and kinetic energy)
My, c? +M, ¢+ T,

= M,c*+T,+ My ¢

2
+ [ (\/'r](l T, -V, T, cos B) +m, T,sin’ 0 +m, Tpsinze]
Hence by definition of the Q of reaction
Q =M, c2+Ma cz—Mp c2—M17 ¢
= L tNe T+, T, -2V, T, T, xcos 0T,
= (1+ Tlp) Tp + Tu.(l - Tla)
-2V, M I, T, cos 8 = - 1-19 MeV
6.266 (a) The reaction is Li’ (p,n)Be’ and the energy of reaction is
Q = Mp' + M) + (M, -M,)
2
- (ALi_’I—A&?)C +AP-A“
= [0-01601 + 0-00783 - 0-01693 ~ 0-00867] amu x ¢’
- - 1-64 MeV

(b) The reaction is Be’ (n, y) Be'.
Mass of y is taken zero. Then

Q.= (Mg + M, - M)’
= (Bg2+ A, - Bg)

= (001219 + 0-00867 — 001354 )} amu ¥ e
= 6-81 MeV
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(c) The reaction is Li’ (o, n) B'®. The energy is
Q= (A" + 8- A, - Ag°)
(0-01601 + 0-00260 — 0-00867 — 01294 ) amu x c*
- 279 MeV

(d) The reaction is o' (d, a )N14. The energy of reaction is
0 = (A" + 8- Aa- Ay')
= (- 0:00509 + 0-01410 - 0-00260 - 0-00307) amu x ¢’
= 3-11 MeV

The reaction is B (n, o )Li7. The energy of the reaction is
Q = (Ag°+A,-A,-AL")
= (001294 + 0-00867 - 0-00260 — 0-01601) amu x ¢’
= 279 MeV

Since the incident neutron is very slow and BY is stationary, the final total momentum must
also be zero. So the reaction products must emerge in opposite directions. If their speeds are,
repectively, v, and v;;

then dv, = Tvy;
and %(4v§+7v%,-)x 1672 x 10~ = 279 x 14602 x 10"
So %x 4v2 (1 + ;) = 270 x 10%® cm?/s2
or Ve = 927 x 10°m/s
Then v = 53x 10° m/s

Q of this reaction (Li7(p ,n) Be’ ) was calculated in problem 266 (a). If is — 1-64 MeV.
We have by conservation of momentum and energy p, = pg, (since initial Li and final neutron

are both at rest)

2 2
Pp. . PBe .64

2 mp 2 mL,'
pz
Then P (1- '"P) - 164
2m, mg.
7
Hence T, = =2 = —x1-64MeV = 191 MeV
2 m, 6

6.269 It is understood that Be’ is initially at rest. The moment of the outgoing neutron is

V2m, T, j. The momenturm of C*? is



V2m, T i-V2m, T, §
Then by energy conservation

.
2m, T+2m,T, vam& T

T+Q =T,+ e O—s
(m, is the mass of C*?) oL Be? 1o
c
Thus T, = m(T+Q)-my T
m,+m,
Q+(l--—“— T
UALOE AL = 852 MeV
m.+m, m,
14—
m“

6.270 The Q value of the reaction Li’ (p, o) He' is
Q = (A" +Ay-2Ay)
= (001601 + 000783 - 0-00520) amu x ¢>
= 001864 amu x ¢ = 1735 MeV

Since the direction of He®* nuclei is symmetrical, their momenta must also be equal. Let T
be the K.E. of each He*. Then

0
Pp =2 ZmH,Tcosi

(p, is the momentum of proton). Also

/.

+Q=2T=T,+Q

2m,
2,29
pPSCC -2-'
Hence ]}"'Q = 2Tn—";—
i X

* T om, ¢ 2

ws® Ve T
2" Y Tmp T,+0

Hence

Substitution gives
0 = 170-53°

Also T = 2T, +Q) = 918 MeV.
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6.275
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Energy required is minimum when the reaction products all move in the direction of the
incident particle with the same velocity (so that the combination is at rest in the centre of

mass frame). We then have
V2mTy = (me+M)v

(Total mass is constant in the nonrelativistic limit).

1 2 mT,
Ta-|Q) = Sm+ M)V’ = ——
. M
or TIJR m+M - |Q |
m
Hence Ty = (1+M)|Q|
The result of the previous problem applies and we find that energy required to split a deuteron
M,
is T= (1+——£)Eb = 3-3 MeV
M,

Since the reaction Li’ (p,n )Be7 (@ = -1-65 MeV) is initiated, the incident proton energy
must be

M
> (1 + —L] x 165 = 1-89 MeV
M;;

since the reaction Be’ (p,n) B’ (Q = - 1-85 MeV) is not initiated,

M
Tx [1 +XJ—L) x 185 = 2:06 MeV Thus 1-89MeV < T, < 2:06 MeV
Ve

We have 40 = {1+ |||
e have = +MB“ Q

or 0 = —%x4MeV - =367 MeV

The Q of the reaction Li’ (p,n) Be was calculated in problem 266 (a). It is - 1-64 MeV
Hence, the threshold KEE. of protons for initiating this reaction is

T, = (1+£—'i]|g| - -2«1-64 = 187 MeV
For the teaction Li’ (p, d) Li®
we find Q = (A" + Ay~ Ay-A%) &
= (0-01601 + 0-00783 - 0-01410 - 0-01513) amu x ¢’
= - 502 MeV

The threshold proton energy for initiating this reaction is

Li

m
Ty = (1+E—%)x|Q| = 573 MeV
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6.276 The Q of Li (o, n) B'® was calculated in problem 266 (c). It is @ = 2:79 McV
Then the threshold encrgy of a-particle is

L

T, = (1+-m'f'%]|g| - [1+§)2-79 - 438McV

The velocity of B™ in this case is simply the volocity of centre of mass :-

Y = zmd T‘* = 1 v ZT*
mg,+my; 1 +.’£Li mg
my

This is because both B'® and » are at rest in the CM frame at theshold.
Substituting the values of various quantities

we get v =527x10°m/s
6.277 The momentum of incident neutron is V2 m, T ¢, that of o particle is Y2m, T, f and of
Be’ is
-V2m T, j+V2m, T i N
By conservation of energy ec J
m, I . +m, T
T - T + o O N 4
LN n )
. 9 P o, WL Y z

(M is the mass of Be” ). Thus T -

c

m, M
o2 0
. m,\ Beq
Using Ty = 1+-A_J_J|Q|
M m, Ttk

we get T“-M"'ma (1-—‘51]1'-14-!-"“”l

M
M’ is the mass of C* nucleus.

1 MM

or 7, -an{w-m,)r-Mm”Tm - 221 McV

6.278 The formula of problem 6.271 does not apply here because the photon is always reletivistic.
E
At threshold, the energy of the photon £, implies a momentum ?" The velocity of centre of

mass with respect to the rest frame of initial His

_ &

(m,+my)c
Since both n & p are at rest in CM frame at threshold, we write
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Ez
+E
! (m,+m )c:2 >
by conservation of energy. Since the first term is a small correction, we have
E}
ET .Eb + 5
2(m,+m;)c
E, .
Thus 8E - 2 - 22 - 59x10"*

Eb Z(m”+m’)c2 2x2x938
or nearly 0-06 % .

The reaction is
p+d—> He®

Excitation energy of He? is just the energy available in centre of mass. The velocity of the

centre of mass is
vim Ty 14/ 2%,
3 m,

mp+md

In the CM frame, the kinetic energy available is (my ~ 2 m,)

2 2
1o (24/25 | 1, (121 | 27
2 7|3 m, 277713 " m, 3
. . 2T
The total energy available is then Q + 3
where O =ct(A+484-A2,)
= % x (0400783 + 0-01410 - 0-01603) amu
= 549 MeV
Finally E = 649 MeV .

The reaction is
d+CB >N —>niNY

Maxima of yields determine the energy levels of N 15* As in the previous problem the
excitation energy is

Epe = Q+Eg
where E; = available kinetic energy. This is found is as in the previous problem. The velocity
of the centre of mass is

2de,- my \’21‘:
my+m, mg+m, my,
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6.281

6.282

o2 2
So Ex=imfr-—2a )20 (1, ( m )25 m
2 my+m.| my; 2 mg+m.| my mz+m,

Q is the Q value for the ground state of N 13 We have
Q = ¢ x(Ag+ A - Ay®)
= ¢ x (001410 + 000335 - 0-00011) amu
= 16-14 MeV

The excitation energies then are
16-66 MeV |, 1692 MeV
17-49 MeV and 17-70 MeV.

We have the relation

-nod

=

Here — = attenuation factor

n = no. of Cd nuclei per unit volume

o = effective cross section

d = thickness of the plate

PN,

M

(p = density, M = Molar weight of Cd, N, = Avogadro number.)

Now n=

Thus o

= oN dlnn = 2-53 kb
A

Here

1_ o~ (moremo)d

n
where 1 refers to O! and 2 to D nuclei
Using n, = 2n, n; = n = concentration of O nuclei in heavy water we get

T
Now using the data for heavy water

L Lix 6023 x 102
20

1 = e‘(2°2+°1)"d

= 3-313 x 10% per cc
Thus substituting the values

20-4 ko
'rls =I.

I;
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6.283 In traversing a distance d the fraction which is either scattered or absorbed is clearly
1- e-u[a.-l- a)d

by the usual definition of the attenuation factor. Of this, the fraction scattered is (by definition
of scattering and absorption cross section)

w = [1 _e-u(o,q-a.)d} - isa
5 a

—

x N,
pMA - 8-39x1022percc

Substitution gives w =0-352

In iron n=

6.284 (a) Assuming of course, that each reaction produces a radio nuclide of the same type, the

decay constant & of the radionuclide is k/w. Hence T = 52 = ¥n2

A k
(b) number of bombarding particles is : %

(e = charge on proton). Then the number of Be’ produced is : %w

If A = decay constant of Be' = -111-1:2-, then the activity is A = gw--]n?%
eAT -3
Hence w T3 198 x 10

6.285 (a) Suppose Ny = no. of Au 7 puclei in the foil. Then the number of Au*"” nuclei trans-
formed in time £ is
No Jro-t
For this to equal n.N; , we must have

t = /{J*a) = 323 years

(b) Rate of formation of the Au Y8 nuclei is Np+J - o per sec

and rate of decay is An, where n is the number of Au ™

Thus %-nO-J-U—ln

The maximum number of Au'® is clearly

NyJo NyJoT
Moax = n2

at any instant.

because if n is smaller, ‘%ﬂ) and n will increase further and if n is larger

%«: 0 and n will decrease. (Actually n,,,, is approached steadily as r —> «)

Substitution gives using Ny = 3-057 x 10 19, Mgy = 101 x 10 13
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6.286

6.287

6.288

6.289

Rate of formation of the radionuclide is #J-o per unit area per-sec. Rate of decay is AN.
Thus

% = nJ-0 - AN per unit ares per second
Then (%+1N) = nJoe or i(Ne’“) = nJoet
Hence Ne'' = Const+n'£0 o
The number of radionuclide at ¢ = 0 when the process starts is zero. So constant = - n-.{-o
Then N - "1'0(1- M)

We apply the formula of the previous problem except that have
N = no. of radio nuclide and no. of host nuclei originally.

Here n= %xsozsxm” = 6-115 x 10°°
JoT -tz

Then after time 1 N-u ok ( T )
In2

T = half lifc of the radionuclide.
After the source of neutrons is cut off the activity after time 7 will be

Ty n?2
A = ni:l(;T(l_e-mzxr) SR 2TATE (] - e BT VYT

Thus J=A e'l"yr/no(l ~e~ 2Ty o 5.92 % 10° part/cm® s

No. of nuclei in the first gencration = No. of nuclei initially = N,
N, in the second generation = Ny x multiplication factor =N, - k

Ny in the the 31d generation = Ny k- k = N, k2

N, in the nth generation = No k"~ !
Substitution gives 1-25 x 10’ neutrons

N, of fissions per unit time is clearly P/E. Hence no. of neutrons produced per unit time to

% . Substitution gives 7-80 x 10 18 neutrons/sec

6.290 (a) This number is k*~' where n = no. of generations in time ¢ = t/T

Substitution gives 388.
, (3- 1)1.:.&
(b) We write kK" = eV’

T 1 1
or _‘-1=1 T and T=t(1+lnk)-101580c

= @



